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Establishing the potential of soils to sequester C and elucidating the mechanisms whereby 
this is achieved is vital in order to understand the capacity of terrestrial systems to act as a 
sink for anthropogenic C. Significant quantities of cattle dung are applied to temperate 
grassland annually and traditional long-term use of manures as soil improvers has been 
proven to increase SOM. The biochemical nature of this C input has not been fully 
characterised, and the fate of dung compounds in the top soil over the growing season (one 
year) has not been assessed. This project aimed to utilise molecular and compound- 
specific C isotope methods to investigate the fate of natural abundance 13C-labelled cow 
dung in a temperate grassland soil, utilising the difference between the 813C values of 
compounds from the C4 dung and C3 soil. 
Dung for the field experiment was acquired by feeding two cows Lolium perenne silage 
(6'3C = -30.1 %o; C3) and Zea mays silage (6'3C = -11.6%o; C4) providing adequate C3 dung 
(6'3C = -31.3%o) and C4 dung (6'3C = -12.6%o). Bulk 6'3C values of C3 and C4 dung- 
treated soil were used in a simple mixing model to estimate dung C incorporation to the 
top 5 cm of a temperate grassland soil after spring dung deposition. A maximum of 12% 
incorporation of the applied dung C was estimated after 56 days following intense rainfall. 
However, concern was raised regarding the accuracy of estimates of dung %C 
incorporation based on bulk 813C values of two dungs with different vegetative 
provenances. Therefore, a thorough biochemical characterisation of the major organic 
components (carbohydrates, lignin and lipids) of both feed and dung was undertaken to 
provide knowledge of any differential representation of biochemical components within 
the two dung types and the contribution of their individual S13C values to bulk 613C values. 
C4 dung and silage contained 10% and 15% more of the major xylose and glucose 
monosaccharides, respectively, derived from free sugars, cellulose and hemicellulose, and 
considerably lower concentrations of epicuticular wax components. The relative 
abundance of lignin components between C3 and C4 silage and dung were similar. Stable 
C isotope analyses revealed that all of the organic components were universally C4- 
labelled except for VLCFAs, suggesting these lipids are sequestered in the rumen for 
longer than other components. Dung PLFAs indicated that viable bacteria from the hind 
gut were utilising a range of differentially 13C-labelled substrates to biosynthesise 
membrane phospholipids, but rumen bacteria were mainly utilising C from C4 silage. 
Compound-specific stable C isotopic determinations of 0-5 cm soil horizons sampled 
from beneath C4 cow pats at seven occasions over 372 days showed differences between 
degradation rates for major organic components of C4 dung. C4 dung dry matter comprised 
80% carbohydrate, 5% lignin and <1% lipid. Percentage incorporation of xylose was 
considerably greater than any other dung carbohydrate accounting for over 10% of dung C 
at peak % incorporation compared with 3% for glucose. At the end of the experiment 
significant concentrations of dung carbohydrates remained in the soil. Dung-derived lignin 
products displayed a range of degradation rates in the soil, but appeared to be more labile 
than expected and did not contribute significantly to bulk 8'3C values in the latter part of 
the experiment. Determinations of 5ß-stanols and free fatty acids suggested that concepts 
of recalcitrance might rely not so much on individual chemistry, but on the potential of 
certain compound classes to escape degradation or leaching, perhaps by forming 
associations with basic minerals or humic substances. Dung VLCFAs appeared to be the 
most resistant to decomposition in the soil. PLFA analysis revealed the SMB was 
consistently increased in dung-treated plots throughout the experiment, and that soil 
bacteria and fungi used C4 dung components as a substrate for membrane biosynthesis. 
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Chanter 1 Introduction 
Chapter 1 INTRODUCTION 
1.1 Setting the scene: the importance of cattle dung in temperate grasslands 
Grasslands are heavily relied upon for food and forage production, with about one-third of 
world milk and beef production occurring on grassland managed solely for these purposes 
(Conant et al., 2001). In the last 50 years, intensive livestock production has increased 
significantly across Europe to produce a cheap and balanced supply of food, generating 
enormous amount of manure that must be disposed of by landspreading (Gendebien et al., 
2001). Cattle dung contributes 60% to the total of all livestock excreta (Sheldrick et al., 
2003). In the EU there are 82,760 x 103 cattle producing 180 x 106 t dung a' (Gendebien 
et al., 2001) and farmyard manure (FYM) is added to soil as an improver, at a 
recommended rate of 42 t ha' a' in the UK (Chambers et al., 2001). With such explicit 
legislation by Government, it is essential that the fate of this significant source of organic 
matter (OM) be explored and accounted for within the timescales of annual field 
application, in order to explore efficiency of application in terms of the ability of temperate 
grassland soils to sequester carbon (C) in the short-term. 
In 2001, the Intergovernmental Panel on Climate Change recommended a range of 
mitigation strategies including the reduction of CO2 and other greenhouse gas (GHG) 
emissions from agriculture, and the expansion of the terrestrial C sink (IPCC, 2001a). 
Terrestrial systems were identified as offering significant potential to capture and hold 
substantially increased volumes of C within soil organic matter (SOM), at least giving time 
for the implementation of emission reduction options. The extensive conversion of C-rich 
grasslands and forests in the temperate zone to cropland and pasture is considered to have 
contributed around 20% of anthropogenic C emissions to the atmosphere (White et al., 
2000). Thus, a potential exists for terrestrial C sequestration through the recovery of soil C 
lost due to land-use change: 60 to 87 Gt C could be conserved or sequestered in forests by 
the year 2050, and another 23 to 44 Gt C could be sequestered in agricultural soils. 
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Figure 1.1 The C cycle in an intensively grazed grassland (2 livestock units ha 1) showing 
the annual net change (Mg C ha 1 yr) for herbivores, vegetation and soils (Jones & 
Donelly, 2004). 
Smith et al. (1997) explored the potential to increase soil C stocks in European soils and 
found that extensification of agriculture could increase soil C stocks in the EU by 17% (40 
Tg C a'), and the amendment of soils with animal manure, sewage sludge or straw could 
contribute up tol5 Tg C a-. The mean residence time of both N and C pools have been 
shown to increase with the application of manure (Fortuna et al., 2003). In the Hoosfield 
classical experiment at Rothamsted, annual applications of manure at a rate of 35 t hä 1 
over 140 years resulted in an exponential increase in soil organic C levels of about three- 
fold over that in unfertilised plots and about 50% higher than unfertilised plots 104 years 
after manure addition had discontinued (Haynes & Naidu, 1998). This and other long-term 
studies (20 - 120 years) in the UK, Denmark, USA and Canada have indicated that manure 
can play a positive role in increasing soil C stocks in soils (Edmeades, 2003). Presently, 
there is very little knowledge about the specific components of this source of sequestered 
organic matter, and their contribution to C cycling in terrestrial ecosystems. This is partly 
due to the difficulty in distinguishing between similar organic constituents from soils and 
dung, but recent advances in isotope ratio mass spectrometry (IRMS) and stable 13C 
isotope labelling have made it possible to trace bulk and specific compounds in complex 
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mineral matrices, such as soils. It seems timely and appropriate to explore the potential of 
temperate soils to sequester C using cattle dung, a major source of OM that legislation 
insists must be used as a soil improver to meet environmental targets on terrestrial waste 
disposal. 
1.2 The global C cycle and contemporary climate change 
The main elements of the natural global C cycle are the passive geologic pool (5000 Pg C), 
and active ocean (39,000 Pg C), atmosphere (760 Pg C), and terrestrial (soil 1500 Pg C and 
biota 500 Pg C) pools. Until the Industrial Revolution, circa 1850, fluxes between these 
major C pools were balanced, maintaining a steady atmospheric concentration of CO2 
(Janzen, 2004). The geologic pool, comprising three sub-pools of coal (4000 Pg C), oil 
(500 Pg C) and gas (500 Pg C; Lal, 2004), contributed a minor flux of up to 1 Pg C a-1 to 
the atmosphere (Janzen, 2004). However, fossil fuel burning and land-use change has 
increased the amount of C in the atmospheric pool, currently at a rate of around 3.3 Pg Ca 
1 (Lal, 2004). Land dedicated to crops and pasture has increased by over 80% in the last 
300 years (Goldewijk, 2001) and deforestation and tillage expose previously physically 
protected soil and biota C to decomposition and physical weathering. 
Current projections of atmospheric CO2 concentrations suggest an increase to around 500 
ppm by 2040 AD (Cotrufo et al., 1998). Atmospheric CO2 and CH4 have increased by 
31% and 150% since 1750, respectively. Figure 1.2 shows the increase in concentrations 
of CO2 and CH4 in the atmosphere since 1000 AD (Etheridge et al., 1996,1998; Keeling & 
Whorf, 2004; Lal, 2004). The increase of GHGs has coincided with an attendant rise in 
global surface temperatures. Since the late 19th century, temperatures have increased by an 
average of 0.6°C overall, and at a rate of 0.15°C per decade since 1976 (Lal, 2004). 
Predictions of temperature rise range between 0.3 and 1.3°C by 2030, and by up to 5°C by 
2100 (Stott & Kettleborough, 2002). Climate forcing by GHGs is likely to be the cause of 
this anomalous warming. In response, the United Nations Framework Convention on 
Climate Change recommended `the protection, enhancement and quantification of 
terrestrial biospheric sinks for anthropogenic CO2 emissions' (UNFCCC, 1997). The 
Kyoto protocol became legally binding on signatories from February 2005. The protocol 
aims to reduce the overall emissions of six GHGs by at least 5.2% below 1990 levels by 
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2012. The United Kingdom has committed to reduce GHG emissions by 12.5% below 
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Figure 1.2: Trends in atmospheric CO2 (. ) and CH4 (. ) concentrations over time. Data 
for C02: 1006 - 1978 from Etheridge et al. (1996), for 1958-2003 from Keeling & Whorf 
(2004), and for 2004, from Lal (2004). All data for CH4 from Etheridge et al. (1998). 
Soil and biota C pools are usually described together as the `terrestrial pool'. The size of 
this pool has been measured as having a net flux of around 2 Gt C in the 1980s and 1990s 
(Table 1.1; Houghton, 2003). In regions where C3 photosynthesis is dominant, strong 
discrimination against 13C02 by Rubisco (the C assimilation enzyme; see Appendix A) 
leads to atmospheric 13C enrichment. In contrast, the physicochemical processes that 
regulate ocean C exchange discriminate against 13 C02 to a much lesser degree; thus, ocean 
sinks only minimally change the atmospheric 13C02: '2CO2 ratio. During the 1980s and 
early 1990s the atmospheric ratio of 13C02: '2CO2 decreased more slowly than could be 
explained by fossil fuel emissions, deforestation and oceanic change (Randerson et al., 
1999). Table 1.1 shows that the quantified increase (Gt C) in atmospheric C during these 
two decades accounted for around 60% of the C emitted by fossil fuel burning and land use 
change, but that uptake in oceans and terrestrial pools did not account for the remainder. 
Therefore, it is assumed that the residual C must be entering the terrestrial pool (Houghton, 
2003). This `residual terrestrial flux' had previously been called `the missing sink' 
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(Scurlock & Hall, 1998; Canadell et al., 2003). However, the potential of this sink 
depends upon the residence times of the variety of C inputs in the soil. 
Table 1.1 Global C budgets for 1980s and 1990s (Gt C). Adapted from Houghton 
I SinklSource 1980s 1990s 
Fossil fuel emissions Source 5.4 6.3 
Land-use change Source 2.0 2.2 
Atmospheric increase 3.3 3.2 
Ocean uptake Sink -1.7 -2.4 
Net terrestrial flux Sink -0.4 -0.7 
Residual `terrestrial' flux Sink -2.0 -2.2 
1.3 The role of temperate grasslands in C sequestration 
53 x 106 km2 (or 40%) of the Earth's land surface is grassland (Fig. 1.3), and contains 
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Figure 1.3: Distribution of native grasslands and modified, including sown, grasslands in 
1966 (from Pearson, 1987). 
Grasslands are ecosystems where the dominant vegetation component is comprised of 
herbaceous species (Jones & Donnelly, 2004) or is less than 10% tree cover (Scholes & 
Hall, 1996). Net primary production (NPP) in grasslands is low, constrained either 
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climatically, by low rainfall, temperature and fire, or by human intervention, through 
grazing, crop production or burning. Temperate grassland ecosystems (comprising natural 
grassland and modified agroecosystems) cover an area of 33 x 106 km2. They are found 
within the mid-latitudes of 25 - 50°N and 25 - 50°S and comprise a wide range of sub- 
climates from sea-level to alpine, and maritime to continental, with a wide range of natural, 
agricultural and urban land-usage. 
1.3.1 Effects of climate change on temperate grasslands 
Elevated temperature or precipitation levels are projected to coincide with raised CO2 
levels (IPCC, 2001 a; Beier, 2004; Pendall et al., 2004) and these phenomena will affect the 
potential of temperate grasslands to sequester C. Parton et al. (1995) predicted a 
significant loss of soil C after 50 years in global grasslands due to 25% higher 
decomposition rates. Others have forecast increases in soil C (Thornley & Cannell, 1997) 
or a variable response (Riedo et al., 2000; 2001). This uncertainty stems from attempts to 
model the complex interrelationships between atmosphere, plant, and soil processes. 
Knowledge of the residence times of C in plants, litter and soils is required to correctly 
estimate terrestrial C storage (Randerson et al., 1999). 
I. CO2 concentrations 
Elevated atmospheric CO2 increases C supply below-ground (Pendall et al., 2004) and has 
been proven to increase NPP in many experiments (meson et al., 1996; Jones & Donnelly, 
2004; Nowak et al., 2004), coinciding with increased input of more recalcitrant litter 
residues to the soil due to reduced C: N ratios in plant material (Scholes et al., 1997; 
Cortrufo et al., 1998), although the level of response differs between species (Bazzaz, 
1990; Van Kessel, 2000). In C3 plants, the efficiency of Rubisco is compromised by 
photorespiration (see Appendix A) due to the ratio of C02: 02 diffusion into mesophyll 
cells. Therefore, increased concentrations of ambient CO2 may lead to increased 
production of photosynthate (Sala et al., 1996), providing light, water or N are not limiting. 
In consequence, C partitioning to roots will be augmented, increasing root growth and 
turnover, and delivery of root exudates to the rhizosphere. The associated microbial 
population and mycorrhizae will proliferate, escalating rates of C mineralization and 
increased N-fixation. Ineson et al. (1998) found that increased atmospheric CO2 enhanced 
N20 and CH4 production due to the stimulation of the soil microbial biomass (SMB) by 
root-derived C. 
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Stomatal conductance tends to decline with increased CO2 concentrations, reducing 
transpiration rates and leading to greater water use efficiency (Bazzaz, 1990). This boosts 
the capacity of plants to resist drought, in tandem with enhanced osmoregulation due to 
increased levels of photosynthate in plant cells. These responses may counteract the 
effects of the expected raised temperatures in grasslands due to climate change (see 
below). However, a reduction in evapotranspirational cooling may cause the plant to be 
more susceptible to heat shock (Bazzaz, 1990). 
II. Temperature 
Most global circulation models (GCMs) predict warming of 4- 6°C within the latitudes 
incorporating temperate grasslands over the next century (Mitchell & Qingcun, 1991; 
IPCC, 2001a; Pendall et al., 2004). At elevated CO2 and temperature levels, 
photosynthetic rates increase to an optimum temperature response which is related to the 
conditions in which the plants have grown (Taiz & Zeiger, 1991; Nowak et al., 2004). A 
moderate increase in temperature would lengthen the growing season and enhance NPP, 
especially when in combination with greater precipitation (see III. below). 
Various attempts to estimate the effect of elevated temperature on soil C stocks differ in 
their assessment. Greater C release from soils is widely expected (Smith et al., 2003) and 
has been observed in experiments where soil has been artificially warmed in situ 
(Kirschbaum, 1995; Tipping et al., 1999) although the response may be modified by SOM 
quality (Dalias et al., 2003) and soil type (Tipping et al., 1999). Suggested mechanisms 
involve shifts in microbial community composition, in the biochemical pathways of 
mineralization, disproportionate accumulation of secondary microbial products or 
enhanced soil: mineral complexing (Dalias et at., 2003). However, other workers have 
measured no change in C stocks in artificially warmed soil monoliths (Fitter et al., 1999; 
Loiseau & Soussana, 1999). 
III. Precipitation 
In addition to warming of temperate climates, most GCMs predict a coincident increase in 
precipitation, contributing to increased NPP and, hence, C input to soils (Sala et al., 1996). 
However, additional rainfall will augment the potential for leaching of OM from soils. 
Tipping et al. (1999) investigated the influence of higher temperature and precipitation on 
the release of OM from contrasting soil types in upland grasslands in the UK, and found 
significant increases in the export of dissolved organic C (DOC) from mineral soil 
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horizons. Respiration also increases after rainfall; Lee et al. (2004a) recorded an 
immediate pulse of CO2 after the onset of precipitation, perhaps from senescent microbial 
biomass from a previous drying cycle or translocation of labile substances from the litter 
layer with subsequent mineralization by microbial biomass of the mineral soil horizon. 
It would seem that the response of the various elements of temperate grassland ecosystems 
to changes expected through global warming is not predictable. Although warming is 
widely predicted to promote mineralization of previously sequestered C in temperate 
latitudes, this may be tempered by increased NPP stimulated by the effects of elevated 
C02, temperature and precipitation on physiological processes (Van Kessel et al., 2000; 
Beier, 2004; Nowak et al., 2004; Pendall et al., 2004). Therefore, information on the fate 
of C in the temperate terrestrial environment and the potential for sequestration in this pool 
is required in order for GCMs to accurately predict the outcome of increasing GHG levels. 
1.4 The nature of soil organic matter in grasslands 
Grassland soils contain 331 x 106 g OM ha 1, or 12% of the Earth's SOM (Conant et al., 
2001). The ability of a soil to supply nutrients, store water, release GHGs, modify 
pollutants, resist physical degradation and produce crops are strongly affected by the 
quality and quantity of OM it contains (Carter, 2001). The term `soil organic matter' 
encompasses all the organic components present in the soil: living flora and fauna, fresh 
debris and readily decomposable OM, and `humic' substances resistant to degradation 
(Vaughan & Ord, 1985). The primary source of SOM is plant litter at various stages of 
degradation (Gleixner et al., 2002), and its nature reflects the dominant plant species, i. e. 
litter will be largely graminaceous in grassland ecosystems. The quantity and quality of 
plant litter input will vary in grasslands due to removal, by grazing or mowing for hay and 
silage, or addition, by application of a wide range of soil improvers and fertilizers, 
including animal manures. 
Figure 1.4 shows the proportions of the variety of components of green plant materials that 
contribute to SOM in grasslands. Martens et at. (2004) reported that USA pasture and 
cropland contain about 50% carbohydrates, 20% amino acids, 2.5% lipids, and variable 
amounts of lignin-derived phenolics. Section 1.6 discusses the inputs from cow dung to 
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soil in greater detail. The biochemistry of each of the major compound classes, i. e. 
carbohydrates, lignin and lipids, will be discussed in greater depth in subsequent chapters. 
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Figure 1.4 Typical % composition of green plant materials showing major compounds 
(adapted from Brady & Weil, 2002). 
1.4.1 Plant litter 
The most abundant substrates in plant litter are the polymers of plant cell walls, especially 
cellulose that forms 45 - 50% of plant dry matter (DM; Stolp, 1988; Brady & Weil, 2002). 
Cells of all higher plants have a rigid cell wall, comprising the primary and secondary cell 
walls. The primary cell wall is constructed from cellulose microfibrils embedded in a 
matrix of pectins and hemicelluloses, and a small proportion of glycoprotein. Secondary 
cell walls develop in mature plant cells, have fewer pectins and contain lignin which 
confers rigidity. Within the secondary cell wall, and bounding the cytoplasm, is the 
plasma membrane. This is a lipid bilayer of phospholipids, stabilized with sterols (mainly 
sitosterol), and interspersed with characteristic proteins. 
The remainder of the cell comprises the vacuole and cytosol which contain simple sugars 
and starch, metabolic proteins and stored lipids. Temperate grasses store starch in seeds 
and fructans in other tissues (Van Soest, 1994). The cytoplasm contains various 
membrane-bound organelles, including chloroplasts, mitochondria, nucleus and ribosomes, 
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organized in a proteinaceous cytoskeleton and lipid-based Golgi apparatus. Plant cell 
vacuoles are solute filled sacks, bounded by the tonoplast, maintained at a higher osmotic 
potential than the cytosol in order to confer cell turgidity of the cell, and, thus maintain the 
hydrostatic skeleton (Taiz & Zeiger, 1991). 
Plant cells are arranged into plant tissues, e. g. parenchyma, xylem and phloem, and organs, 
e. g. leaves, stems and roots, which reflect the growth form and function of the plant. The 
roots of a plant anchor the plant in the soil, and absorb water and mineral nutrients for 
growth. The stem functions as a mast to support leaves, for efficient light interception, and 
inflorescences, accessible to the agents of pollen transfer. The stem and leaves, and 
seasonal inflorescences and seeds, form the aerial portion of plants. The site of 
meristematic activity in grasses is at the base of the stem (or `culm'), compared to apical 
meristems in the shoots of dicotyledonous herbs. This is an evolved adaptation to grazing 
activity, and means that majority of the aerial parts of perennial grasses can be removed 
with regrowth resumed from the base. Unlike roots, the epidermal cells of stems and 
leaves must be protected from water loss and air-borne pathogens and are covered in a 
cuticle comprising layers of wax and cutin. In addition to the main support of the culm, 
grass leaves have a structural function, and their midribs are lignified. 
Monocot root systems develop from three to six primary root axes in the germinating seed, 
from which adventitious roots develop. An apical meristem generates all root cells, those 
that form protective root cap and mucigel, and others that differentiate to become the 
cortex and vascular tissues of the root, including lignified xylem and suberised endodermis 
(or Casparian strip). A considerable proportion of SOM in grasslands is root litter and 
exudates (Brady & Weil, 2002). Eighty percent of root biomass is in the top 30 cm of 
temperate grassland soils (Jones & Donnelly, 2004) and has an estimated annual turnover 
of up to 53% (Kögel-Knabner, 2002). About one-third to one-half of photosynthate is 
allocated below ground, of which 10 - 15% is used for root growth and maintenance. The 
remainder is exuded into the rhizosphere which supports a SMB 19 - 32 times larger than 
root-free soil (Kuzyakov, 2002). Kuzyakov (2003) measured transfer of 14CO2 from Zea 
mays and Lolium perenne into the soil and calculated up to 18.5% and 11% of recovered 
C, respectively, was found in roots and exudates. 
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1.4.2 Microbial biomass 
The microbial biomass is a significant component of SOM and it typically comprises 
1- 5% of total SOM (Nsabimana et al., 2004) and 15% total soil N (Stolp, 1988). 
Anderson & Domsch (1989) reported that ratios of microbial C: soil C ranged from 0.27 -7 
in a range of studies of temperate central European grasslands, implying a heterogenous 
distribution of SMB across the ecosystem. Fungal biomass may form up to 90% of SMB 
(Stolp, 1988; see Table 1.2) and includes vesicular-arbuscular mycorrhizal fungi that 
enhance mineral absorption by infected grass roots (Taiz & Zeiger, 1991). Fungi are 
formed from hyphae which have a chitinous cell wall consisting of 75 - 85% 
polysaccharides, 10 - 15% protein and 5- 10% lipid. The fungal cell membrane is 
structurally similar to the plasma membrane of plant cells, but ergosterol is the major sterol 
component. Bacterial cell walls form 25% of the dry weight of the cell. Ninety percent of 
the cell wall of Gram-positive bacteria consists of many polymer layers of peptidoglycan 
connected by amino acid bridges. The cell wall of Gram-negative bacteria is much thinner, 
being comprised of only 20% peptidoglycan with a lipopolysaccharide layer. In addition, 
some bacteria have a mucilaginous, heteropolysaccharide capsule which protects against 
desiccation (Cheshire, 1979). Bacteria have a cell membrane with a similar structure to 
eukaryotes but usually contain hopanoids instead of sterols, although sterol biosynthesis 
has been identified in Methylococalles (Stadnitskaia et al., 2005), Myxobacteriales (Bode 
et al., 2003) and Planctomycetales (Pearson et al., 2003). 
1.4.3 Soil invertebrates 
Table 1.2 shows the magnitude of biomass contributing to the top 15 cm of soil by a range 
of soil fauna, including invertebrates. The exudates, faeces and necrotic tissues of these 
soil animals contribute to SOM. Insects and other invertebrates in general contain high 
levels of protein, and some is chemically bound within the chitinous exoskeleton which is 
about 15% of the dry matter of most species (Barker et al., 1998). Earthworms and slugs 
excrete cutaneous mucus containing carbohydrates and glycoproteins that provide a 
nutrient source for a range of smaller invertebrates, such as Collembola (Salmon, 2004) 
and microorganisms, and also contributes to the formation of soil aggregates in burrows 
and casts. Invertebrate faeces is modified plant matter that may have increased or 
decreased resistance to decomposition (Cheshire, 1979). However, soil invertebrates are 
vastly outweighed by soil microorganisms in terms of biomass by 12: 1 (Brady & Weil, 
2002; see Table 1.2). The major function of soil invertebrates in C cycling is the 
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comminution and incorporation of plant residues in a form that is appropriate for 
colonization and use by soil microorganisms. 
Table 1.2 Relative numbers of soil microorganisms (g"1) and biomass (g m2), and soil 
invertebrates (No. m2) and biomass (kg ha-') commonly found in the surface 15 cm of soil. 
Biomass values are based on dry weights. (Data from Brady & Weil, 2002). 
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1.5 Location of organic matter in the soil environment 
The extent of each of the horizons within the soil profile (Fig. 1.5) varies between soil 
types. In non-tilled grasslands, the 0 horizons contain layers of mainly plant litter at 
various stages of decomposition, becoming more transformed with depth until it becomes 
humified and amorphous. The A horizon, or top-soil, contains a combination of soluble 
and particulate OM (imported by soil fauna or leaching from the 0 horizon), humic matter 
and mineral soil particles. Below the A horizon the amount of OM declines with depth 
through the B and C horizons (or sub-soil). 
Determination of the manner in which OM is stored in temperate soils is essential in order 
to identify the proposed `missing sink' (see Section 1.2) and, thereby, further exploit the C 
sequestration potential of soils to mitigate climate change. Organic material is believed to 
be physically protected from decomposition in soils by colloidal formation of charged 
humified material and clay mineral microaggregates, which form larger macroaggregates 
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held together by polysaccharides and proteins from root hairs, fungi and bacteria and 
decomposing organic material. 
Organic Oi - Organic, slightly decomposed 
horizon 
Oa - Organic, moderately decomposed 
_, -. _. _. _ _ 
Oe - Organic, highly decomposed 
------------- Ah - humified organic matter Topsoil A 
B- some biological activity 
Subsoil 
C- limited biological activity 
Parent Rock IR 
Figure 1.5 Generalised grassland soil profile (adapted from Brady & Weil, 2002). 
Methods of physical fractionation of whole soil are used to reveal spatial and physical 
information about how OM is partitioned in the soil matrix, and, thereby, to attempt to 
define the dynamics of C pools (see Table 1.4; Hassink et al., 1997; Ludwig et al., 2003). 
There are two main types of physical fractionation: 
i) Density fractionation is based on the observation that during humification parts of 
SOM become more associated with mineral particles and occur in particles of higher 
density (Hassink et al., 1997). Liquids with a range of densities are used to divide soil into 
a light fraction (LF), intermediate, and heavy fraction (HF). Densities below 2g cm3 yield 
the LF, free humic substances and POM containing a high percentage of carbohydrates, 
while HF contains mineral-bound, more recalcitrant OM (Kiem et al., 2002). 
ii) Particle-size fractionation is based on the observation that C in the sand fraction of 
soils is more labile than C in clay and silt size fractions (Hassink et al., 1997). Dispersed 
soil is sieved and sedimented to give different fractions according to soil texture: coarse 
sand (250 - 2000 µm), fine sand (20 - 250 µm), silt (2 - 20 µm), coarse clay (0.2 -2 µm), 
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and fine clay (<0.2 µm) (Bol et al., 2004b). Largely unmodified plant debris is identified 
in the sand fraction, and the finer fractions contain decomposed and microbial C. 
Density and particle-size fractionations are often used as separate and subsequent 
treatments of the same sample (Kiem et al., 2002). Elements of the two techniques have 
been used to determine different aggregate sizes: large macroaggregates (<2000 µm), small 
macroaggregates (250 - 2000 µm) and microaggregates (53 - 250 gm) which may be 
further divided to give sub-fractions (Six et al., 2002; Conant et al., 2004). Once 
fractionated, soil may be subject to compound-specific (Amelung et al., 1999a; Glaser et 
al., 2000) and stable 13C isotope (Van Groeningen et al., 2002; Bol et al., 2004b; Del 
Galdo et al., 2003) analyses. 
1.6 Dynamics of cow dung in temperate grassland ecosystems 
Cow dung is a significant by-product of the ruminant livestock industry (see Section 1.1), 
returned to land by manure and slurry application or in situ by grazing animals, and is 
estimated to contribute 0.7 Mg C ha Ia1 to grassland C budgets (Jones & Donnelly, 2004). 
Cattle defecate 11 - 16 times per day producing an average of 2 kg on each occasion, a 
single defecation deposited in situ covering an area of around 1 m2 (Haynes & Williams, 
1993). Dung is mainly water (Underhay & Dickinson, 1978), and the bulk of the solid 
matter in manure is composed of partially degraded plant matter. 
It is possible to identify plant tissues in faecal residues, but dung contains not only the 
undigested diet but also metabolic products including bacteria and endogenous wastes 
(Fig. 1.6; Van Soest, 1994). Dung is used as a soil improver and has been shown to 
increase SOM content (Sommerfeldt & Chang, 1985; Haynes & Naidu, 1998) resulting in 
improved soil structure (Haynes & Naidu, 1998; Edmeades, 2003), increased NPP (Conant 
et al., 2001), greater soil animal biodiversity (Bardgett & Cook, 1998) and SMB (Lovell & 
Jarvis, 1996). Although many studies have measured the quantities of inorganic 
components in dung and dung-treated soils that directly affect plant growth, e. g. N, P, K, 
Mg and Ca (Macdiarmid & Watkin, 1972a; Dickinson & Craig, 1990; Sheldrick et al., 
2003; Aarons et al., 2004), or act as pollutants, e. g. salts (Haynes & Williams, 1993; Hao 
& Chang, 2003) and heavy metals (Hoekstra et al., 2002; Wilcke et al., 2002), relatively 
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little work has qualified and quantified organic molecules and compounds that contribute 
to SUM. 
Figure 1.6 Ruminant digestion and the origin of faecal matter, showing major 
components of dung (adapted from Van Soest, 1994). 
1.6.1 Ruminant digestion 
Grazing ruminants have developed a highly specialized form of digestion to access the 
metabolic energy stored in plant materials, especially cellulose and hemicellulose. Their 
digestive system is characterized by pregastric retention and fermentation by celluloytic 
microorganisms in the enlarged rumen, which may have a capacity up to 250 1 (Stolp, 
1988). The rumen represents a semicontinuous culture of strictly anaerobic and 
facultatively anaerobic microorganisms, dominated by bacteria (1010 - 1011 ml"'), ciliate 
protozoa (104 - 106 ml-1) and chytridiomycete fungi (104 ml-1; Orpin & Andersen, 1988; 
Van Soest. 1994). The rumen microbial population colonise ingested plant material, which 
may remain in the rumen for up to 55 h (Orpin & Andersen, 1988). In-take of feed is 
usually ad libidum so there is a continual input of new plant matter to the rumen, which, 
therefore, contains substrates at various stages of decomposition. Less dense, undigested 
fragments 'raft' on the surface of the rumen liquor, and these can be returned to the mouth 
by eructation for rumination, thus, the majority of fine particles in faeces are lignin that has 
been repeatedly ruminated (Van Soest, 1994). Plant cell wall polysaccharides, i. e. 
cellulose. hemicellulose and pectin, are partially or wholly fermented to short-chain 
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volatile fatty acids (VFAs), such as acetate, propionate and n-butyrate, which are absorbed 
through the rumen epithelium for metabolism by the cow. It is suspected that there may be 
limited lignin degradation in the rumen (Degrassi et al., 1995) but lignin is generally 
considered to be indigestible, and confers recalcitrance on cell wall components with 
which it is complexed. The waxes of the cuticular surface are also a barrier to rumen 
organisms (Van Soest, 1994). Partially digested substrates undergo secondary 
fermentation in the caecum and large intestine, where rumen microbial biomass is also 
digested providing the main source of protein N (Van Soest, 1994). The waste products of 
ruminant digestion are urine and faeces. Faeces (dung) consists of water, residues of 
undigested herbage, products of animal metabolism, and a large and varied population of 
microorganisms and products of their metabolism (Haynes & Williams, 1993). 
Plant lipids are a minor fraction of forage (Fig. 1.4), forming 1- 4% of food sources, but 
constitute a wide range of compounds (see Chapter 7). Galactolipids and phospholipids 
are rapidly hydrolysed releasing their constituent fatty acids (Jenkins et al., 1989) some of 
which are metabolised. Unsaturated fatty acids are hydrogenated to more saturated end 
products, which are absorbed to become ruminant body fat (Jenkins, 1993). Some fatty 
acids are neutralised as calcium salts, and excreted (Van Soest, 1994). Plant cell 
membrane sitosterol and campesterols are converted to 50-stigmastanol and 5ß- 
campestanol, respectively (Evershed et al., 1997) by microbially-mediated 
biohydrogenation of the OS double bond (Bull et al., 2002). 
1.6.2 Composition of cow dung 
Manures have been used as soil improvers for millennia (McOmish, 1996; Simpson et al., 
1999; Bull et al., 2001) and are a ubiquitous feature of temperate grasslands. Perhaps 
surprisingly, then, biochemical parameters have hardly been used to characterise organic 
materials used as manures (Ayuso et al., 1996; Richardson, 2001 a). The Detergent Fibre 
system, or forage fibre analysis (see below), is a popular method of faecal analysis of 
carbohydrates, lipids and crude protein, but only provides estimates of quantities at the 
compound level. Other more sensitive compound-specific methods are available, but few 
have been applied to the analysis of dung. The best example is the work on lipids in FYM 
by Bull et al. (1998). Although lipids are a minor component of faeces (measured in 
µg g"l), they are very useful in soil studies as biomarker compounds and indicators of soil 
processes. Bull et al. (1998) performed a detailed lipid analysis of FYM in order to 
investigate the effect that variable manure application has on the free lipid content of soil. 
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Lipids in dung were dominated by the 5ß-stanols and the C26 n-alkanol, with minor 
contributions from fatty acids, wax esters and alkanes. Patterns of faecal alkane abundance 
have also been used by Berry et al. (2002) to estimate plant species consumption by cows. 
The structural polymers of the plant cell wall contribute the largest proportion of plant- 
derived material in dung. Moral et al. (2005) utilised Dreywood's anthrone reagent to 
measure 0.1% carbohydrate concentration in dung with around 40% OM. Richardson, 
(2001) used a similar method to estimate 1.9% soluble carbohydrate in a hot water 
extraction of cattle dung. Richardson (2001a) reported 0.43% starch from cattle dung 
extracted with water and treated with 60% perchloric acid, with subsequent analysis of 
blue iodine complex. Jensen (2005) quantified starch content in dung using heat followed 
by enzyme treatment to release glucose monomers whose concentration (80g kg') was 
determined using a spectrophotometric method. Richardson (2001 a) also characterised the 
non-soluble polysaccharide portion of cattle dung using gravimetric procedures similar to 
forage fibre analysis and estimated 15% lignin, 23% cellulose and 25% hemicellulose. 
Ayuso et al. (1996) applied a range of analytical techniques to conclude that sheep dung 
contained less stable carbohydrate than other organic manures due to its relatively high 
degree of enzyme activity, low `aromaticity index' (based on a Shannon-Weinar Diversity 
Index of pyrolytic fragments), and humic acid (20% OM) and fulvic acid (62% OM) 
content. Humic substances are mainly phenolic compounds, originating from incomplete 
lignin decomposition and microbial synthesis from non-aromatic sources, that have 
interacted with N-containing compounds, giving rise to a high-molecular weight, very 
resistant amorphous compounds (Fustec et al., 1989) and form 60 - 80% of SOM (Brady & 
Weil, 2002). Historically, humic substances have been classified into fulvic acids, humic 
acids and humin which are described according to their colour, molecular weight and 
solubility in alkalis and acids, but these are operationally defined chemical fractions with 
no real relevance in ecological terms (Wander, 2004). 
Forage fibre analysis of feed and subsequent dung is a standard procedure in pastoral 
agriculture to estimate digestibly and intake of feed (Van Soest, 1994) and is useful for 
general assessment and estimation of the various organic compound classes in dung. The 
technique uses a series of chemical fractionations, described in detail in Section 2.6, to 
estimate the contribution of three classes of organic matter: 
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Class 1. Total availability: pectin and cell contents, including, simple sugars, starch, 
protein, organic acids, and free lipids. 
Class 2. Incomplete availability: structural polysaccharides. i. e. hemicellulose and 
cellulose. 
Class 3. Total unavailability: lignin and lignified material, cutins and other indigestible 
substances. 
Based on this analysis, the typical composition of the DM of cattle faeces has 47 - 68% 
`fibre' content, which is the sum of cellulose, lignin and hemicellulose (Haynes & 
Williams, 1993). The proportion of each of these compounds varies greatly with diet. In 
summer, fresh grass with a low structural fibre content is the basic forage, whereas silage 
and hay are often the main components of the winter ration (De Boever et al., 2004) and 
have a higher fibre content (% DM) due to loss of the labile or `class 1' compounds. Table 
1.3 shows the differences in the composition of fibre, i. e. hemicellulose, cellulose and 
lignin, in fresh forage and hay estimated using forage fibre analysis. 
Table 13 `Fibre' composition (% DM) of fresh and hay forages estimated using 
Detergent Fibre analysis. Grass = Fescue sp. Legume = Trifolium repens (From Van 
Soest, 1994) 
Hemicellulose Cellulose Lignin 
Feed 
(% DM) 
Fresh grass 23 25 4 
Grass hay 28 35 7 
Fresh legume 10 24 9 
Legume hay 15 31 10 
The environmental conditions under which plants are grown, e. g. temperature and rainfall 
(which may be significantly influenced by climate change, see Section 1.3.1), and their 
maturity will influence the quality of fodder due to increasing proportions of cellulose, 
hemicellulose and lignin and decreasing cell contents (Bruinenberg et al., 2002). Jensen et 
at. (2005) found that the amount of starch excreted in cow dung was proportional to the 
maturity of silage. The activity and dynamics of the rumen microbial population may be 
modified by the quality of forage. For example, feed high in tannins stimulates saliva 
production which contains urea, a source of N for microbial protein synthesis. More than 
180 1 d'' saliva is normally ingested, constituting 70% of the H2O entering the rumen, and 
an increase in production causes high washout, seen in dung as increased N due to a higher 
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proportion of microbial debris, with an attendant increase in the proportion of undigested 
plant cell wall material (Van Soest, 1994). The composition of cow dung is, therefore, not 
predictable as it is influenced by palatability and nutritive status of feedstuff and the health 
and condition of the animal. 
1.6.3 Rates of dung decomposition 
The breakdown of dung pats in the field is an extremely variable process (Macdiarmid & 
Watkin, 1972a; Dickinson et al., 1981). Time taken for 75% of dung to disappear ranges 
between 32 - 450 d (Dickinson et al., 1981). The initial quality of the dung, especially 
water content (Weeda, 1967) will affect rates of decay. Season and weather, especially 
rainfall, strongly influence decomposition (Dickinson & Craig, 1990; Dickinson et al., 
1981). In warm, dry weather the formation of a surface crust resists breakdown, and 
radiant heat absorbed by the dung warms the soil beneath the pat causing changes in soil 
processes (Dickinson et al., 1981). Biological decomposition agents include coprophagous 
insects and earthworms, fungi and bacteria. Macroinvertebrates break up and remove 
material from dung (Underhay & Dickinson, 1978), but anti-parasitic treatments excreted 
in faeces may retard this effect (Madsen et al., 1990). Anaerobic fungi are viable in faeces 
for a considerable time (Van Soest, 1994), but the SMB can only decompose dung C once 
it has been incorporated into the soil matrix. 
Immediately after deposition there is stimulation of the SMB by delivery of significant 
concentrations of labile organic compounds and inorganic elements of dung causing 
enhanced mineralization of both the dung and indigenous SOM (see Chapter 7). However, 
in the longer term, the plant-derived components of dung become physically and 
chemically indistinguishable from those of the SOM, and are apt to undergo the same 
dynamics of decomposition. Models have described SOM as metabolic C, structural C, 
active SOM, slow SOM and passive SOM (Paustian et al., 1992; see Table 1.4) or 
decomposable plant material, resistant plant material, microbial biomass, humified OM 
and inert material (Jenkinson & Rayner, 1977). Labile simple sugars and amino acids, or 
`metabolic C', are assimilated by active transport into the cytoplasm of soil 
microorganisms, whilst more complex polymers, or structural C, must be degraded by 
exoenzymes, liberating their labile components for microbial respiration (Cheshire, 1979). 
The `active' pool forms 10 - 20% of SOM (Brady & Weil, 2002), and includes elements of 
both structural and metabolic fractions, the SMB itself, plus living tissues (roots and soil 
fauna) and unmodified particulate organic matter (POM). Naturally resistant compounds, 
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such as epidermal waxes and lignin, are predicted to remain in a largely unmodified form 
for decades in the `slow' pool, along with the structural polysaccharides, such as cellulose. 
However, the source of the compounds in the humic substances of the `passive' pool, 
whose residence time may be 100s to 1000s of years, is multifarious and enigmatic. In 
addition to their inherent recalcitrance, humic substances may form complexes with clay 
minerals in soils conferring additional resistance to microbial attack. Simple physical 
protection of any compound may occur if particles become trapped in soil pores or within 
aggregates that are inaccessible to soil microbes (see Section 1.5). 
Table 1.4 The pools of SOM defined according to their mean residence times (MRTs) 
(after Paustian et al, 1992) and corresponding compound classes (Brady & Weil, 2002). 
Residue tjpe Pool Residence time C: N Compounds 
Litter I Metabolic 0.1-0.5 10 - 25 Simple sugars 
Amino acids 
Starch 
Structural 2-4 100 - 200 Polysaccharides 
SOM Active 1-2 15 - 30 Living biomass 
POM 
Slow 15 - 100 10 - 25 Lignified tissues 
Waxes 
Passive 500 - 5000 7-10 Humic substances 
Clav: OM complexe 
1.6.4 Approaches to molecular characterization of SOM 
SOM is a heterogeneous mixture of plant, microbial and animal residues in various stages 
of decomposition and transformation, free or physically protected in the soil matrix, or 
complexed with inorganic minerals. Thus, a wide range of approaches have been 
developed to determine the nature and dynamic of OM in soils. Current analytical 
techniques include 13 C Nuclear Magnetic Resonance (NMR) spectroscopy, pyrolysis-gas 
chromatography-mass spectrometry (py-GC-MS), thermochemolysis, and `wet' chemistry. 
The application of each of these approaches to the study of soil is reviewed in turn below. 
I. 13C NMR spectroscopy 
Spectroscopy is the study of the interaction of electromagnetic radiation with matter. 
NMR spectroscopy exposes a sample to a stable and oscillating magnetic field causing 
some of the nuclei to spin between the two different energy levels. The magnitude of this 
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difference (DE) varies between nuclei in different chemical and physical environments, 
and is detected as a resonance signal at a specific frequency and recorded in relation to its 
shift in parts per million (ppm) from a standard (Hornak, 1997; Kögel-Knabner, 2002). 
The nuclei of choice must have unpaired electrons, so in order to analyse organic 
compounds, stable isotope 13C is the focus. As 13C only forms 1% of C in nature (see 
Section 1.6.5.1) the resonance signal is weak so multiple scans must be applied. Each of 
the chemical shift regions is assigned a functional group: e. g. 30 ppm (alkyl-C) is evidence 
for long-chain aliphatic structures; 50 - 110 ppm (O-alkyl C) corresponds to carbohydrates; 
and, 105 - 160 ppm (aromatic or aryl C) signifies polyphenols (Kögel-Knabner, 2002). 
Overall, 13C NMR is useful for observing broad differences between compound groups in 
samples (Nierop, 1998) from different soil horizons (Schmidt et al., 2000) after changes in 
land use (Mendham et al., 2002) and in decomposition studies (Parfitt & Newman, 2000), 
but lacks the sensitivity to identify and quantify the contribution of specific compounds. 
Because of this, the NMR technique is often supported by py-GC-MS, thermochemolysis- 
GC-MS (Chefetz et al., 2002) or chemical extraction of target compounds (Schmidt et al., 
2000; Chefetz et al., 2002). 
II. Py-GC-MS 
The analytical process of pyrolysis involves the rapid heating of samples in an inert 
atmosphere to release volatile fragments of compounds, by reproducible bond cleavage, 
which can be identified using GC-MS. Analytical pyrolysis in combination with mass 
spectrometry is highly effective for providing structural information of intact or degraded 
plant biopolymers (Huang et al., 1998) and is considered a key method for SOM research 
(Leinweber & Schulten, 1999). The application of this technique to analysis of lignin is 
discussed in detail in Chapter 6. In situ methylation with tetramethylammonium hydroxide 
(TMAH) is often used to improve the amenability of pyrolysis products to GC analysis by 
methylation of polar functional groups (Hatcher & Clifford, 1994; Nierop, 1998; Guignard 
et al., 2000). The mechanism of fragmentation is then both chemolytic and thermolytic, 
hence the use of the term thermochemolysis (see below). Py-GC-MS has been utilised to 
obtain molecular level information in many soil studies (Saiz-Jimenez & de Leeuw, 1986; 
Gleixner et al., 1999; Nierop et al., 2001 a; Gleixner et al., 2002). On-line py-GC-C-IRMS 
(see Section 1.6.5.1) has also been employed to measure S13C values of pyrolysis 
fragments (Gleixner et al., 1999). Py-GC-MS provides molecular information on complex 
organic samples unavailable through NMR. The main drawbacks of this method are the 
inability to accurately quantify compounds, and the destruction of the sample. 
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III. Thermochemolysis-GC-MS 
The TMAH technique is a highly selective method of cleaving ester and certain ether 
linkages by hydrolysis. Carboxyl and hydroxyl groups are methylated, converting polar 
compounds to less polar derivatives that are more amenable to chromatographic separation 
(Chefetz et al., 2002). A dry sample is sealed with TMAH in glass ampoules which is then 
heated, allowing thermochemolysis to proceed. An internal standard (i. s. ) may also be 
added (Hatcher et al., 1995). After heating, the ampoule is opened and the contents 
removed with an appropriate solvent for GC-MS analysis. Although this technique offers 
the opportunity for quantification, through use of a standard, it does not allow further 
chemical fractionation to isolate target compounds. Therefore, this method is more 
appropriate for the analysis of mixtures of compounds, such as plant tissues and soil, or 
previously isolated compounds (Hatcher et al., 1996). 
IV. Wet chemistry 
The major drawback of the `whole sample' techniques described above is the difficulty 
with assigning importance to various compounds, and assessing their role in soil processes. 
Proper description of the dynamics of SOM decomposition can only be accurately 
described with detailed reference to molecular species with a known provenance, which 
can be indicated by their S13C values in natural abundance and artificial 13C stable isotope 
labelling studies (see Section 1.6.5). Soil analyses need to be quantitative, focused on 
major constituents and made in conjunction with measurements of other system properties, 
such as microbial biomass (Hedges & Oades, 1997). Knowledge of the biology of soils 
and the multifarious origin of inputs to SOM automatically suggest appropriate compounds 
with which to explore the processes of decomposition and sequestration. In this context, 
the term `wet chemistry' pertains to the methods applied in this research that aimed to 
target molecules that were properly representative of their source, and either constituted a 
discrete entity, i. e. cytosolic glucose, or the fundamental representative monomer of a 
polymer, i. e. glucose as a monomer of cellulose. 
Simple and structural carbohydrates are the most abundant organic compounds in soil, and 
lignin is thought to contribute a major source of recalcitrant phenolic material. However, 
the chemical isolation of these important compounds for GC analysis, enabling accurate 
quantification and source definition using stable 13C isotope analysis (see Section 1.6.5), is 
relatively uncommon compared with non-polar compounds. GC-C-IRMS has been used to 
trace natural sources of carbohydrates in peat (Macko et al., 1991) and sediments (Moers 
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et al., 1993; Sinninghe Damste et al., 2001). Docherty et al. (2001) developed a reliable 
method to prepare monosaccharides as alditol acetates for GC analysis which was applied 
in this project. The analysis of carbohydrates is discussed in detail in Chapter 5. Lignin 
presents major analytical challenges as, unlike carbohydrates, lipids or proteins, its 
structure is one of non-repeating phenolic molecules that are chemically bonded in a non- 
predictable fashion. Isolation of monolignols for analysis requires the cleavage of several 
types of bonds of differing strengths and occurrence within the lignin macromolecule. On- 
line pyrolytic and thermochemolytic procedures have been used to release volatile 
fragments for GC-MS and IRMS analysis (see above) but the extraction and storage of 
phenolic compounds from lignin for replicate analyses of the same sample is not often 
attempted in soil studies. In this research, an off-line pyrolysis method which had been 
recently applied to the study of fossil wood (Poole & van Bergen, 2002) was utilised to 
isolate lignin derivatives for subsequent analyses. This appeared to have several 
advantages (reviewed by Faix et al., 1987) over the existing CuO oxidation method (after 
Hedges & Ertel, 1982) that cleaves only one bond type and produces a pyrolysate with a 
limited potential for storage. A range of contemporary approaches to lignin analysis is 
discussed in Chapter 6. 
Although low in abundance in soil, the functional diversity of lipids and consequent 
differing rates of transformation and degradation confer an essential role as tracers of C 
inputs to terrestrial systems. Certain lipids perform as classical biomarker compounds, and 
in this study two 5ß-stanols were used as indicators of herbivore dung as they only arise 
through microbial reduction of sitosterol in the herbivore gut. These compounds are 
acknowledged as universal indicators of faceal input (Evershed et al., 1997; Simpson et al., 
1999; Bull et al., 1998; 1999a; 1999b; 2001; 2002). Other alkyl lipids e. g . n-alkanes, n- 
alkanols and n-alkanoic acids are common to dung and soil. Although quantification using 
GC provides information that may indicate a particular organic input (Jandl et al., 2005; 
Dinel et al., 1998; Bull et al., 1998) the actual source of lipid C can only be apportioned 
through labelling of the molecule, e. g. using 13C stable isotopes (Wiesenberg et al., 2004). 
Microbial membrane lipids derived from phospholipid fatty acids (PLFAs) have been 
widely used to probe the population dynamics of the SMB (Bardgett et al., 1999; Berth & 
Anderson, 2003; Clegg et al., 2003; Steenwerth et al., 2003; Tomberg et al., 2003; 
Drenovsky et al., 2004; Spedding et al., 2004) and 13C-PLFA analysis has been used to 
trace the routing of C into the microbial biomass (Baldock et al., 1989; Lichtfouse et al., 
1995; Burke et al., 2003; Crossman et al., 2004; Waldrop & Firestone., 2004) and was 
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utilised in this project to study the response of the SMB to dung input. Applications of 
lipid analysis to studies of SOM are discussed in Chapter 7. 
1.6.5 Assessing the contribution of dung to SOM using natural abundance stable '3C 
isotope labelling 
Dung is largely composed of the same compounds as plant litter (see Section 1.6.2) so 
when assessing the fate of dung C in soil, exogenous dung compounds must be 
distinguishable from the endogenous SOM. Total organic C measurements are not 
sensitive enough to distinguish dung C from native SOM (Lovell & Jarvis, 1996), 
therefore, a more sensitive method needs to be applied. Natural abundance stable 13C 
isotope labelling is one of the few techniques available for the examination of C dynamics 
in naturally functioning ecosystems (Gearing, 1991). It is a safe and cost effective method, 
compared to 14C radioisotope labelling, and gives an accurate interpretation of processes in 
complex systems, such as soils, by measuring the difference in ratio of 13C: 12C using 
IRMS. In spite of the development of other techniques, mass spectrometry remains the 
only universal method of isotope abundance analysis, and is the most precise, sensitive and 
accurate technique currently available (Roth, 1997). 
1.6.5.1 Natural abundance stable '3C isotope analysis 
The natural abundance 13C tracer technique exploits the natural isotopic difference between 
C3 and C4 vegetations and allows separation of exogenous C from endogenous C input 
during an experiment (Gregorich et al., 1994; Puget et al., 1995; Balesdent & Marriotti, 
1996; Boutton et al., 1998; Bull et al., 1999a; Bol et al., 2000a; Poirier et al., 2000; 
Spaccini et al., 2000). 13C exists at much lower concentration in the atmosphere than12C 
(1.11% and 98.89% respectively), and the relatively low abundance of 13C provides the 
opportunity for 13C-enriched sources in the temperate environment to be identified because 
of their existence in excess of their background abundance. 
For compound-specific C isotope determinations, a GC is interfaced to an IRMS via a 
combustion reactor to provide a GC-C-IRMS that can be used to determine the isotope 
ratio of individual compounds (Boutton, 1991 a). Coupled to a GC system, IRMS enables 
highly precise compound-specific isotope analysis, especially at natural abundance level, 
providing information on the origin of specific organic compounds. This is particularly 
useful in tracer studies with the aim of quantitative determinations of biochemical 
25 
Chanter 1 Introduction 
processes, such as incorporation of nutrients and turnover rates of molecules (Meier- 
Augenstein, 1999). 
1.6.5.2 Natural abundance stable 13C isotope labelling in SOM studies 
C49 C3 or CAM plants have different characteristic 813C due to their photosynthetic 
physiologies, which evolved as adaptations to climate (see Appendix A). Plants With C3 
photosynthesis incorporate CO2 into a C3 compound via Rubisco. This enzyme 
discriminates against 13C02 resulting in low 813C values of around -32 to -20%o. C4 plants 
incorporate CO2 into a C4 compound via PEP carboxylase, an enzyme that does not 
discriminate against 13C02, resulting in an enriched S13C value of -9 to -17%o. The isotopic 
composition of the soil largely reflects the photosynthetic pathway of the dominant species 
in the plant community (Boutton, 1991a) and, therefore, the SOM in temperate grasslands 
have a C3 isotopic signature. Investigations have used changes in soil S13C value after 
change in land use from a C3 to C4 vegetation type to observe bulk turnover of OM in soils 
(Boutton et al., 1998), particle size fractions (Balesdent & Marriotti, 1996; Gregorich et 
al., 1994; Poirier et al., 2000) and soil aggregates (Puget et al., 1995). Natural abundance 
13C-labelled C4 plant matter can be applied to a restricted area, and is especially useful for 
short-term bulk decomposition studies. C4 plant materials have been incorporated into C3 
soils to investigate the fate of OM. Wedin et al. (1995) employed litter bags containing a 
C4 grass material placed onto and into the top soil of a C3 field to investigate C dynamics 
over 2 years. 
Natural abundance stable 13C isotope labelling has also been utilised in compound-specific 
studies. C4 Zea mays cultivation on a C3 soil enabled investigation of the differential 
contribution of Zea mays leaf wax n-alkanes C27 n-heptacosane (S13C = -19.1%0) and C29 n- 
nonacosane (S13C = -18.4%o) to SOM (Lichtfouse et al., 1994), and confirmed the 
persistence of the long chain Cat n-hentriacontane (613C = -20.6%o) in SOM after 23 years 
(Lichtfouse et al., 1995). Bull et al. (1999a) utilised the C32 n-alkanol dotriacontanol (813C 
= -17.5%. o) component of the C4 temperate grass Spartina anglica to evaluate its 
contribution to OM in salt-marsh sediment. Spaccini et al. (2000) extracted total 
carbohydrates and HA and FA from particle size fractions of a C3 soil after C4 Zea mays 
application to investigate the incorporation of OM in soil. 
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1.6.5.3 Previous work using 13C-1abe1Ied dung 
It has been demonstrated that 6'3C values of cattle products reflect the stable isotope 
values of their feed (DeNiro & Epstein, 1978). Forage can be artificially labelled using 
13C02 (Svejcar et al., 1993) or naturally enriched C4 species exploited (Wilson et al., 1988) 
to produce a relatively 13C-enriched dung for use in C3 ecosystems. 
Bol et al. (2000) developed a method using the natural A13C between C4 dung and C3 soil 
to trace dung C incorporation, in a similar manner to previous studies in which C4 plants 
were grown on, or their residues added to, a C3 soil (see Section 1.6.5.2). C4 dung (613C = 
-15.4%o) was applied to a C3 soil (S13C = -27.9%o) and the natural isotopic difference 
exploited, allowing separation of dung-derived C from soil-derived C by continuous flow - 
IRMS (CF-IRMS; see Section 2.5.4). CF-IRMS differs from GC-C-IRMS in that the 
whole sample is combusted to C02, and the 813C value obtained is therefore the composite 
or bulk value of the entire C in the sample. Bulk 13C natural abundance determinations 
were used to trace the movement of dung into the surface horizons of a temperate 
grassland soil (Bol et al., 2000; 2004b), a moorland soil (Shepherd et al., 2000), into soil 
leachates (Bol et al., 1999) and soil particulate size fractions (Amelung et al., 1999b; Bol 
et al., 2000) detected no significant changes in bulk S13C value below 5 cm soil depth. 
Percentage applied dung C incorporation and flux calculations based on stable C isotope 
determinations suggest that after 70 d around 30% of applied dung remained on the soil 
surface, 6% was recovered in the 0-1 cm horizon, 4% between 1-5 cm depth, and 2% in 
leachate waters (Fig. 1.7; Bol et al., 1999a; 2000; 2004b). 
Lysimeter experiments explored the effect of adding '3C-labelled dung on the C content of 
soil leachates (Amelung et al., 1999b; Bol et al., 2000). 2% dung derived C estimated in a 
70 day study was recovered in leachate waters in zero tension lysimeters at 30 cm depth in 
soil below C4 dung pats (Amelung et al., 1999b; Bol et al., 2000). The application of dung 
causes a `priming effect' on the native soil C, with an immediate loss of up to 50% of 
native soil C as DOC within 24 h (Bol et al., 1999a). Peaks in leachate C were then seen 
after 26 d, implying a loss of more labile organic compounds from the dung, and at 42 d, 
corresponding to a supposed decomposition of more recalcitrant components by microbes 
(Bol et al., 2000). In an experiment tracing bulk dung C with soil depth, dung was applied 
to the surface of temperate grassland and cores taken at intervals over 70 d (Bot et al., 
2000) and 150 d (Bol et al., 2004b). Bulk 6'3C analysis revealed that dung C was only 
found in the top 5 cm of the soil. After 70 d, up to 30% of the applied dung was accounted 
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for (Fig. 1.7). After 150 d only 17% of the applied dung was identified, as 13% in 1-5 cm 
layer and 4% in leachate waters. 
Surface dung 
1r. 7a/_ 
Soil 0 -1 cm 
6.4% 
Soil 1-5 cm 
"60 Soil <5 cm 
'10 Leachate 
s. 4% 
Figure 1.7 Dung-C budget 70 d after application (Bol et al., 2000). 
Amelung et al. (1999b) traced dung-derived C into particle-size fractions in the top I-5 
cm of soil. As particle size diameter increased, the S13C values increased (Fig. 1.8). The 
proportion of dung C in fine clay maximised after 42 d, coinciding with a maximum in the 
bulk soil 813C values and leaching rate. The percentage of particulate C in the coarse sand 
fraction increased until the end of the experiment implying that undigested polyphenolic 
substances, such as lignin, contributed an increasing proportion to dung-derived C. 
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Figure 1.8 The contribution of dung-derived C to the C content of particle-size fractions: 
coarse sand (. ), fine sand & silt ("), coarse clay (A) and fine clay (0), at different d after 
dung application (from Amelung et al., 1999b). 
Although bulk 813C values have proved useful for estimating the magnitude of dung- 
derived C in soils and leachates, the interpretation of the data from these experiments 
required the consideration of possible discrepancies due to differential representation of 
metabolic compounds in C3 versus C4 dung residues. Jones et al. (1979) stated that true 
linearity of the relationship between 813C in faeces and diet will only occur when the 
digestibility of the dietary components is identical, and Gearing (1991) reviewed the 
sources of variability in 813C values in diet (and therefore excreta) which include 
inhomogeneity in a single food source, selective assimilation of food stuff, differences 
between major biochemical fractions and seasonal differences in the quality of food. 
Differences may also arise directly from the type and abundance of organic components of 
the forage that have evolved as adaptations to environmental stress. Morphological 
differences, such as a thickened cuticle or lignification, might affect the activity of the 
receiving gut, and may be further influenced by inorganic variables such as N content. 
Boutton (1991c) also describes factors including the physiological state of the subject that 
might affect 813C values in trophic studies. Therefore, dungs produced from different 
sources might have a dissimilar organic chemistry. In soil, diverse compounds are 
presumed to decompose at relatively different rates and may have different 813C values. 
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For example, cellulose and hemicellulose are 1- 2%w more enriched in 13C than whole 
plant tissue, while lignin is 2- 6%o depleted (Boutton, 1991a). Long-chain hydrocarbons 
are more depleted in 13C compared to bulk plant tissue (Schweizer et al., 1999): leaf n- 
alkanes from plant waxes can be up to 11 %o depleted compared to whole leaf tissue (Grice, 
2001). Thus, the depleted bulk 813C values in C4 dung treated soil may not imply a loss of 
13C labelled material per se from the system, but provide evidence for the loss of labile, 
relatively 13C-enriched components from the dung. Thus, it was essential that the 
contribution of individual organic components to bulk dung, and the residence times of 
those individual components in the soil, was defined in order to correctly understand fluxes 
in bulk S13C values in C4 dung-treated C3 grassland soil plots over time. 
1.7 Project aims & objectives 
An adequate understanding of the C sequestration potential of grasslands requires that the 
quantity and residence times of C inputs be determined. Herbivore dung is a significant 
element of the C budget in intensively grazed temperate grasslands. Previous work 
estimated the short-term (up to 150 d) incorporation of bulk dung C into the surface 
horizons of a temperate grassland soil using natural abundance 13C-labelled tracer 
techniques. However, due to the biochemical complexity of dung and soil, and likely 
differences in individual 813C values and physical and chemical behaviours of the various 
components, estimates based on bulk &3C values may be misleading. It was, therefore, 
important to assess the contribution of individual compounds in dung to the bulk soil 13C 
signature to accurately interpret the fate of dung C in the temperate grassland system. 
Objective 1: To estimate the % of bulk dung C present in the soil after deposition 
over 1 year. 
Previous experiments starting in autumn used bulk S13C values to estimate that 30% dung 
had entered the top 5 cm soil after 70 d, and had declined to 17% after 150 d (Bol et al., 
1999a; 2000; 2004b). As `muck spreading' on grassland is usually performed in spring 
(Chambers et al., 2001), and animals are set to graze in the spring and summer (Van Soest, 
1994), it is more realistic to begin an experiment researching the fate of dung C in soil 
early in the year, and to follow the dynamics of deposition over one year. A fully 
randomised 20 x7 plot was designed and set up on a 13 x5m plot in April 2002 and 
sampled at intervals over 372 d (see Section 2.5.1) This timescale allowed a tentative 
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comparison of the effects of season on deposition, and provided samples for subsequent 
compound-specific analyses. 
Objective 2: To identify the major biochemical components of silage and dung. 
The most abundant organic compounds in dung should have the greatest influence on shifts 
in S13C values in C4 dung-treated soil. No previous study had been undertaken to define 
the detailed chemical composition of cattle dung. Forage fibre analysis was used to 
identify and estimate the major components of forage and dung (Van Soest, 1994), but 
further chemical analysis is required to identify and quantify the major organic compounds 
contributing to these components using GC and GC-MS. Use of natural abundance 13C- 
labelling allowed individual organic compounds to be tracked from forage silage, through 
rumination to excretion in dung, and finally incorporation into the soil over 372 d after 
deposition onto the soil surface. Sampling of dung from two cattle undergoing a diet 
switch from C3 to C4 forage, to produce dung for the subsequent field experiments, 
allowed the manner in which fodder is modified by ruminant digestion to be explored. 
Objective 3: To assess the major biochemical contributors to C fluxes in dung-treated 
soil. 
Increases in S13C values have been observed in soils that had been treated with C4 dung 
(Bol et al., 1999a; 2000; 2004b). Soils sampled over one year were chemically 
fractionated to isolate the major dung compounds recognised in Objective 2. Sterol 
biomarker compounds were used to trace movement of dung per se into the soil, prior to 
stable 13C isotope analysis. As the majority of dung and SOM compounds are plant- 
derived, natural abundance S13C labelling allowed determination of the contribution and 
abundance of dung-derived C into two horizons of the top soil (0 -1 cm and 1-5 cm) 
using GC-C-IRMS. 
Objective 4: To determine the nature of recalcitrant compounds from dung 
sequestered in soil after 1 year. 
It is presumed that stable SOM is mostly polyphenolic lignin and lignified compounds. In 
order to obtain lignin derivatives suitable for GC analysis, an off-line pyrolysis method 
(Poole & van Bergen, 2002) was utilised to estimate the quantity of lignin-derived 
phenolic compounds in dung-treated soil after one year. The contribution of dung-derived 
carbohydrates and lipids to bulk S13C values of the soils determined in Objective 2 was 
also considered. 
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Objective 5: To examine the effects of dung C input on soil microbial biomass. 
Soil microorganisms are fundamental to the decomposition of organic matter in soils, and, 
therefore, play a major role in cycling of dung C in terrestrial systems. The SMB is 
stimulated by the input of labile C from dung (Lovell & Jarvis, 1996) but this effect 
appeared insignificant after slurry deposition (Bol et al., 2004b). 13C-PLFA GC-C-IRMS 
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2.1 Production of 13C-labelled dung 
C3 and C4 labelled dungs for the field experiment were produced using a natural abundance 
13C labelling technique described previously (Bol et al., 2000). Two recently lactating 
cows (called cow ET 1566 and ET 9249) were switched from C3 Lolium perenne silage to 
C4 Zea mays silage at the Institute of Grassland and Environmental Research (IGER), 
Trawsgoed Research Farm, UK. The cows were stalled, and their dung collected at 
intervals for 31 d over the period 28/01/02 - 01/03/02. The stalls were modified so that 
dung fell though a grid into a wheelbarrow, avoiding contamination from bedding. Up 
until 31/01/02 the cows were fed on Lolium perenne (ryegrass) silage (C3), and from 
01/02/02 - 01/03/02 on Zea mays (maize) silage (C4) only. Total collections were made 
from 28/01/02 - 31/01/02 and from 25/02/02 - 01/03/02. The dung was weighed at each 
daily collection. Sub-samples were taken every 3 or 4d for 20 d after the diet switch on 
01/02/02 until 22/02/02. Samples of the silage feeds were taken on the days of total 
collection. After collection, the dung was immediately frozen and stored at -20°C until 
required. 
2.2 Diet switch study 
Monitoring the change in bulk 8'3C values during the diet switch from C3 to C4 forage was 
primarily to ensure that the dung to be used in the field experiment was of sufficient 
quality. Samples of silage feed and dung were made 4d previous to and 3,6,10,14,17, 
21,24 and 27 d after the cows' diet was switched from C3 to C4 silage. Silage and dung 
samples taken after the diet switch (20 g wet weight) were dried at 80°C for 24 h. All dried 
samples were ground using a small metal ball mill to produce a fine, homogeneous powder 
<0.2 mm. One milligram of each specimen was weighed into 8x5 mm tin capsules for 
analysis of 6'3C (. o), 615N (%. o), total nitrogen (%) and total carbon (%) by continuous 
flow isotope ratio mass spectrometry (CF-IRMS) (see Section 2.5.4). 
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2.3 Field site 
An experimental plot was established on the Little Burrows experimental plot at the IGER- 
North Wyke, Devon. UK (50°45'N and 4°53'W; Fig. 2.1). 
The soil at the experimental site was of the Halstow series of noncalcareous pelosols 
(corresponding to a Dystic gleysol) with an impermeable brownish clay loam or silty clay 
(2% fine sand, 10% coarse sand, 50% silt, 38% clay) A horizon (0 - 17 cm), waterlogged 
for considerable periods of the year. The area has a mean annual temperature of 10.5°C 
and a mean annual precipitation of 1035 mm (Harrod, 1981). The major sward 
components were Lolium perenne and Trifolium repens (clover) with significant amounts 
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Figure 2.1 Ordnance survey map of IGER-NW Research Station. " indicates the 
approximate position of the experimental plot on Little Burrows experimental field site. 
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of Ranunculus bulbosus (common buttercup). The site was ploughed and reseeded with 
Lolium perenne in 1999, has received no fertiliser since reseeding, and was grazed by 
sheep until 2001. 
2.4 t=0 vegetation, soil and dung analysis 
The soil pH at the site was 6.6 ±0.2. At t=0, four 14 cm2 x 20 cm soil cores were taken 
from each corner of the experimental plot. The vegetation was removed, and the soils 
were divided into 0-1 and l-5 cm depth increments. Dried and ground vegetation, soil 
and dung samples were analysed for S13C, S15N, total C and total N (see Section 2.5.4). In 
addition, small soil cores of known area were taken to measure soil bulk density (D,,; g 
cm 3) and soil volume water content (0; m3 soil m 3) for the 0-1 cm and 1-4 cm soil 
horizons using the following expression: 
O=D b X0 m Equation 2.1 
when, Db 
weight of oven dry sample (g) 
= 
volume of soil (cm3) 
e_ weight water 
(kg) 
m1 kg soil 
2.5 Dung application and sampling regime 
2.5.1 Randomised plot design 
A randomised plot design was produced using the ARANDOMIZE function in Genstat 4.2 
(5th Ed. ), for 7 sample dates (t = 7,14,28,56,112,224,372 d), 4 replicates, and 5 
treatments: C3 (1 or 2) = C3 dung, cow ET 1566 or 9249; C4 (1 or 2) = C4 dung, cow ET 
1566 or 9249; *= no dung (control; Fig. 2.2). 
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A B C D E F G 
C3 (1 C3 1 Cq 2 * * C4 (2 C3 1 
* C4 (1) * C4 (1ý C4 (2) CAI) 
Cq 1) C4 1 C3 1 C3 2 C3 1 
Cq 1 C4 (2 Cq I C4 (2 C3 1 * C4 (1 
C4 2 * * C3 1 C4 1 C3 1 
C4(1) C4(2) C4(1) C3(Iý C3(2) C3(2) C3(2) 
C3 (1) C3 (2) C3 (2) * C3 2 C3 2 C4 (2) 
* C3 (2 C3 1 * C3 1 C3 1) C3 1) 
C3 1 Cq 1 C3 (l * C4 2 C3 2) C3 1 
C3 (2) C3 (1) * C4 (1) C4 (2) C4 (2) C4 
(2) 
* C4 (2) C3 (2 C3 (2) C3 (2) C3 2 C4 (1) 
C4 1 C3 2 C3 1 C3 1 * Cq 1) C4 2 
Cq 2 C3 2 Cq 1 C4 2 C4 1 C4(11 C3 2 
C3M C4 1) C4(2) C4 2) * C4 1) C3(1) 
Cq 2 C4 2 C3 2 C3 1 C4 1 C4(2 C4 1 
* C3 1 Cq 2 C4(1 C4 2 
C3 2 * C4 I C3 2 * C4 1 Cq I 
C4 (2) * C3 
(2) 
C3 (2) C3 (2) * C3 (2) 
C3 2 * C412) C4 2 C3 1 C3 1 C3 2 
C3(2) C3(1 * Cq 1 (1) 1 (2) 1 C4 2 
Figure 2.2 Randomised 7x 20 plot design for field experiment (22.04.02 - 29.04.03) 
C3 (1/2) = C3 dung, cow ET 1566 or 9249; C4 (1/2) = C4 dung, cow ET 1566 or 9249; 
*= no dung (control). 
The experiment was performed on small area measuring 13.0 x 4.55 in, with no specific 
topography. The results of a similar experiment (Bol et al., 2000; 2004a) had already 
shown that the dung treatment significantly outweighed any spatial effect. 
2.5.2 Dung application 
The dung application method was adapted from Bol et al. (2000). Prior to application, 
67.5 kg of each C3 and C4 dung was defrosted. Aliquots of 1.5 kg dung were formed into 
circular pats using 23 diameter cm plastic collars and placed on top of 25 cm2 90 mm x 13 
mm x 0.7 mm galvanised hexagonal wire netting (BS 443) pegged out on the soil surface, 
40 cm apart. The mesh allowed the removal of the dung pats for sampling (Lovell & 
Jarvis, 1996) without impeding the movement of OM and soil fauna in and out of the pat. 
Dung applications to the plots were made on 22.04.02; the collars were removed on 
24.04.02 (Fig. 2.3). 
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Figure 2.3 : application of dung to experimental site, a) mesh before dung application 
(19.04.02), b) dung applied in collar (22.04.02), c) collar removed (24.04.02) at the Little 
Burrows experimental field site. IGER-NW. 
2.5.3 Soil and dung sampling 
Each of the 7 sets was sampled at random for one of seven temporal analyses (t = 7,14,28, 
56,112,224 and 372 d) of the 0-1 and I-5 cm soil horizons beneath the dung treatments. 
Previous experiments had shown no significant changes in bulk 813C values below 5 cm 
soil depth implying that the majority of dung C was present in the top 5 cm of the soil 
profile (Bol et al., 1999a: 2000,2004a). On each sampling occasion, the dung residue was 
removed using the mesh and kept for analysis. A 14 cm2 x 10 cm undisturbed soil block 
was taken from directly beneath the position of the cowpat using a spade. The soil samples 
were divided into 0-1 cm and 1-5 cm increments. The dung residue and soil samples were 
dried at 30°C to constant weight, then ground in a ball mill (Pascal Model 12 Ball Mill, 
with II ceramic pots) to achieve a homogeneous fine powder (<0.2 mm) for chemical and 
stable isotope analysis. 
2.5.4 Bulk isotope analysis 
Triplicate ö"C. 8'5N, total C and total N values for the dried, ground vegetation, dung and 
soil were determined using CF-IRMS (Europa 20-20 CF-IRMS, Scottish Crop Research 
Institute (SCRI), Dundee and IGER-North Wyke). The dried, ground samples were placed 
in tin capsules, weighed, loaded into an automatic sampler, and then dropped into a furnace 
for combustion to pure N2 and CO2. The gases were swept in a continuous He stream to 
the ion source of the IRMS. Gas species of different m/z were separated in a magnetic 
field then simultaneously measured on a Faraday cup universal collector array. For N2, 
masses 28,29, and 30 were collected and for CO2, masses 44,45, and 46. Analytical 
batches were run with two wheat flour samples after every 10 samples. The first wheat 
flour was run as a reference standard, with the second to check analytical variability. The 
1a were ±0. I %o for 613C and 81: 
5N determinations. 
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2.5.5 Dung C incorporation and flux calculations 
Dung-derived C incorporation was calculated using the method of Bol et al. (2000) 
according to Equation 2.2, which assumes that C3 and C4 dung undergo the same 
transformation and transport processes to give a correct estimation of dung-derived C in 
the soil: 
D= [(64s - 83s) /(64d - 83d )] x 100 
Equation 2.2 
where, D=% of dunf-derived C 
54s and 53s =8 3C oil values (%o) amended with C4 or C3 dung at time t b4d and 53d = 513Cdung values (%o) of the original C4 or C3 dung prior to application 
The percentage (%) of total applied dung C (P) incorporated in the 0-1 cm and 1-5 cm 
surface soil horizons was calculated as follows: 
where, B= bulk density (g cm) 
C= dung C in C4 dung treated plot (mg C g'ldry soil) at time t 
D=% dung-derived C 
V= volume of the soil sample beneath the pat area 
T= total dung C in each pat 
2.6 Forage fibre analysis of dung and silage 
P=BCDV/T Equation 2.3 
All forage fibre analyses were carried out at the Department of Clinical Veterinary Science 
(University of Bristol) according to the procedure of Van Soest (1994; Fig. 2.4). All dried 
samples were milled (Retsch Centrifugal Mill) to pass a1 mm screen prior to analysis. 
Weighing was accurate to 4 decimal places. Percentage dry matter (% DM) was 
determined gravimetrically according to Equation 2.4. 
%DM = 
DRW (g) - ARW (g) )x 100 
DSW (g) 
Equation 2.4 
where, DRW = dry residue weight 
ARW = ashed residue weight 
DSW = dry sample weight 
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Figure 2.4 Flow diagram for detergent analysis of `fibre' (from Van Soest, 1994) 
showing cell wall components: hemicellulose, cellulose, lignin and cutin. 
40 
Chanter 2 Materials and experimental methods 
2.6.1 Dry matter determination 
Whole frozen silage and dung samples were weighed then freeze-dried to a constant 
weight then re-weighed to determine residue as % DM. 
2.6.2 De fatting samples 
All samples were Soxhlet extracted with petroleum ether to remove excess lipid for 4h at 
approximately 50°C then left to evaporate for 1h prior to all analyses. 
2.6.3 Amylase neutral detergent fibre (aNDF) determination 
Approximately 1g of dry, de-fatted silage or dung was refluxed with 50 ml NDF solution 
(30 g sodium lauryl sulphate, 19 g EDTA - ethylenediaminetetraacetic acid, 7g sodium 
borate decahydrate, 4.5 g sodium phosphate, 10 ml triethylene glycol in 11 distilled water) 
for 30 min at 100°C to dissolve pectins and cell solubles, leaving hemicellulose, cellulose 
and lignin. The digest was removed from heat and cooled to 60°C with 50 ml NDF 
solution, to which 2 ml heat stable 1% a-amylase was added to digest starch. The sample 
was returned to heat and refluxed for another 30 min, before filtering and washing the 
residue through a weighed fritted crucible under vacuum. The sample was dried overnight 
at 100°C and weighed, then ashed at 500°C for 4h before reweighing to determine aNDF 
(lignin, cellulose and hemicellulose). 
2.6.4 Acid Detergent Fibre (ADF) determination 
Approximately 1g of silage or dung was refluxed with 100 ml ADF solution (20 g CTAB - 
cetyltrimethylammonium bromide in 111M HCl) at NOT for 60 min to dissolve 
hemicellulose, and cell solubles and minerals, leaving cellulose, lignin, protein and 
insoluble minerals (ash). The partially digested solution was filtered through a weighed 
fritted glass crucible under vacuum. The sample was dried overnight at 100°C and 
weighed, then ached at 500°C for 4h before reweighing to determine ADF (lignin and 
cellulose). 
2.6.5 Acid detergent lignin (ADL) determination 
Approximately Ig of silage or dung was refluxed with 100 ml ADF solution (see Section 
2.6.4) at 100°C for 60 min, then filtered through a dry weighed fritted glass crucible under 
vacuum. Each crucible was flooded with excess 12 M H2SO4 at room temperature and 
stirred at intervals over 3h to digest cellulose, before the acid was removed under vacuum. 
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The washed sample was dried at 100°C overnight and weighed, then ashed at 500°C for 4h 
before reweighed to determine ADL (lignin). 
2.6.6 Free fat determination 
Approximately Ig of dung or silage was Soxhlet extracted with 100 ml petroleum ether 
for 4h at 50°C. The solvent was evaporated off before the lipid residue was dried at 100°C 
for 1h before weighing to determine free fat content. 
2.6.7 Bound fat determination 
The sample remaining after free fat determination (see Section 2.6.6) was refluxed with 
100 ml 3M HCl for 1h at 100°C. Two grammes of Hyflo Supercel (diatomaceous earth) 
was added to each sample and agitated, before filtering and washing through moist 
hardened filter paper (Whatman 541). The sample was dried at 100°C, then solvent 
extracted, as in Section 2.6.6, to determine bound fats. 
2.6.8 Kjeldahl nitrogen determination 
Approximately 1g of dung or silage was transferred to a Kjeldahl digestion flask. The 
nitrogenous material in the sample was converted to ammonium sulphate by adding two 5 
g Kjeltabs (100 parts potassium sulphate: 6 parts copper sulphate pentahydride: 1 part 
selenium) and 14 ml 1M H2SO4 and heated at 450°C for 1 h. The cooled clear digest was 
diluted to 250 ml in a volumetric flask and 10 ml aliquots were subjected to steam 
distillation using a Bruchi B-324 Titronic 88 Distillation Unit (CAMLAB). Forty 
millilitres of 32% NaOH and 10 ml water were added before distillation was carried out for 
2 min after releasing NH3. The NH3 which was collected in 2% boric acid into which two 
drops of a universal indicator (methyl red) had been added. The distillate was titrated with 
0.1 M HCl to the point of the first shade of red (pH neutral) and the volume of acid used 
was recorded. The % crude protein was then calculated using Equation 2.5. 
%C, P (a - b) - Molarity of acid x 14.008 Jx 6.25 Equation 2. S 
sample weight (g) x 10 
where, a= ml of titration acid for sample 
b= ml of titration acid for blank sample 
6.25 = Kjeldahl factor, assumes that proteins have a mean N value of 16% 
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2.7 Extraction and derivatisation of carbohydrates 
The method of Blakeney et al. (1983) modified by Docherty et al. (2001) was followed 
with further modifications to accommodate the larger soil sample size due to the lower C 
content (4 - 8% compared with ca. 40% for OM). All materials were dried then ground to 
<0.2 mm (see Section 2.5.3) and lipid extracted prior to analysis (see Section 2.9.1). A 
standard mix of galactose, mannose, xylose, arabinose, glucose and pentaerythritol was 
made up in the ratio: 1: 2: 1: 2: 2: 1 according to Docherty et al. (2001). Double distilled 
water (DDW; 400 µl) was added to dry monosaccharide standards and derivatised 
according to the procedure in Section 2.7.2. A 20 µg µl"1 i. s. was made up by dissolving 
0.04 g pentaerythritol in 2 ml 1M NH3 solution. 
2.7.1 Hydrolysis of polysaccharides 
Ten milligrams of silage or dung, or 50 mg of soil were weighed into a Teflon capped 
culture tube, with 50 µl or 20 µl i. s., respectively. One hundred microlitres of 72% H2SO4 
was added, and the culture tube evacuated by gently bubbling N2 gas through the mixture 
for 30 s. The sample was held at room temperature for 1h with periodic vortexing to 
facilitate cellulose hydrolysis. DDW (900 g1s) was then added to give approximately 1M 
H2SO4 and the culture tube was evacuated as above. The mixture was heated at 100°C for 
2.5 h, then cooled and filtered through glass wool, and brought to neutral pH with 
approximately 100 µl 18 M NH3 solution. 
2.7.2 Reduction and acetylation of monosaccharides to alditol acetates 
A 400 pI portion of the hydrolysate was transferred into a Teflon capped culture tube and 2 
ml NaBH4 solution (2 g in 100 ml dimethyl sulfoxide) were added and heated at 40°C for 
1.5 h. Excess NaBH4 was destroyed by the addition of 200 pl glacial acetic acid to reduce 
the liberated monosaccharides to their corresponding alditols. The alditols were acetylated 
by reaction with 200 pl N-methylimidazole and 1 ml acetic anhydride. Excess acetic 
anhydride was destroyed by the addition of 5 ml DDW. The alditol acetates were 
recovered by double extraction with 3x2 ml diethyl ether. After drying on a NaSO4 
column, the diethyl ether was evaporated at 40 °C under N2, and the alditol acetates 
washed with 2x1 ml DCM (see Section 2.10.1.2). 
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2.7.3 Removal of cold-water polysaccharides 
A modified method of Sun et al. (1999) was used to assess the content of labile sugars in 
dung. One gram of dung with 10 µl i. s. was steeped in 12 ml DDW overnight at room 
temperature, and then sonicated for I h. The slurry was passed through a 20 µm nylon 
mesh and the mesh washed with DDW six times. The residue was dried in the oven 
overnight at 100°C. The monosaccharides in the residue were extracted and derivatised 
according to Sections 2.7.1 and 2.7.2. 
2.8 Pyrolysis applications for lignin analysis 
In order to obtain lignin derivatives suitable for GC analysis, an off-line pyrolysis method 
was applied to silage, dung and experimental soil samples (after Poole & van Bergen, 
2002). All materials were dried then ground to <0.2 mm (see Section 2.3.3) and lipid 
5extracted prior to analysis (see Section 2.9.1). 
2.8.1 Off-line pyrolysis method 
Open-system off-line pyrolysis was undertaken using a preheated tube furnace (Carbolite® 
12/38/250 with 8 segment programmer, type 2416CG). Four hundred milligrams of dung 
or silage or 2g of experimental soil were placed in a Pyrex boat and introduced into a 
Pyrex tube located within the preheated furnace. The sample was heated for 1h at 300°C 
(after preliminary tests to assess the effect of heating at 400°C). Pyrolysis products were 
flushed from the glass tube using a continuous stream of nitrogen. Products were collected 
in two ice-cooled traps containing MeOH/DCM (1: 1 v/v; Fig. 2.5). At the end of the 
experiment the glass tube was removed from the oven and the sample left to cool under a 
flow of nitrogen to avoid oxidation. The liquid products collected were rotary evaporated 
at 40°C and weighed to determine yield. 
2.8.2 Derivatisation ofpyrolysate 
The pyrolysate was dissolved in 1 ml ethyl acetate. Aliquots of extracts were derivatised 
using an excess of N, O-bis(trimethylsilyl)trifluoroacetamide containing 1% 
trimethylchlorosilane (BSTFA + 1% TMCS). Samples were heated at 70°C for 60 min. 
Ethyl acetate was added to the derivatised sample and the extract was subsequently filtered 
using a Pasteur pipette packed with silica gel to remove non-GC-amenable compounds. 
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2.9 Lipid analysis 
All silage, dung and experimental soils were dried and milled (<0.2mm) (see Section 2.5.3) 
prior to all lipid analyses. 
2.9.1 Total lipid extraction 
2.9.1.1 Soxhlet extraction 
Total lipid extraction of all samples was performed according to the method of van Bergen 
et al. (1997). One gramme of silage or dung or 10 g experimental soil was Soxhlet 
extracted for 24 h using DCM/acetone (9: 1 v/v) with 500 µl of a mixture of internal 
standards in the following concentrations: 0.1 pg µl'' hexadecyloctadecanoate, 0.2 . tg µl'' 
hexadecan-2-ol, 0.2 pg µl"' heptadecanoic acid, 0.3 tg pl"' preg-5-en-3ß-ol and 0.2 µg µl"' 
n-tetratriacontane. The solvent was evaporated from the total lipid extract (TLE) by rotary 
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2.9.1.2 Bligh Dyer extraction 
Soxhlet extraction did not yield sufficient phospholipids in the polar fraction (after Bond 
Elut lipid fractionation - see Section 2.9.3) for GC-C-IRMS from silage, dung or 1-5 cm 
soils. A modified Bligh Dyer extraction procedure (Crossman et al., 2004) was applied 
and used successfully to obtain a higher yield. The Bligh Dyer solvent was made up from 
potassium dihydrogen phosphate buffered H2O at pH 7.2, MeOH and CHC13 in a ratio of 
4: 10: 5. Three millilitres of the solvent was added to 250 mg of dung or silage, or 4.5 ml to 
1.5 g experimental soil sample, and ultrasonicated for 15 min prior to centrifugation for 5 
min at 3000 rpm. The supernatant was removed and saved and the extraction procedure 
repeated a further 3 times with 3 ml of Bligh Dyer solvent each time. The supernatants 
were combined in a separating funnel and 2 ml chloroform and 2 ml buffered water were 
added to break the aqueous and organic phases of the solution. The organic phase was 
removed and saved and the aqueous phase extracted with 3x2 ml chloroform. All organic 
layers were combined and solvent evaporated at 40°C under N2 to leave the total lipid 
residue. 
2.9.2 Saponification of total lipid extract 
The Soxhlet extracted TLE was saponified for 1h at 100°C using 2 ml 0.5 M NaOH. After 
cooling and acidifying with 1 ml 1M HCI, 2 ml DCM and 2 ml diethyl ether were added. 
After vortexing, the mixture was centrifuged at 2000 rpm for 5 min to give a two-phase 
sample. The organic phase was run through an anhydrous NaSO4 column to remove any 
residual water, and solvent evaporated under N2 at 40°C. An aliquot of the saponified TLE 
was derivatised using 50 µl of BSTFA + I% TMCS. Samples were heated at 70°C for 60 
min before excess derivatising agent was removed at 40°C under N2. 
2.9.3 SPE (`Bond Elut') lipid fractionation 
Bonded aminopropyl solid phase cartridges (Phenomenex) were conditioned with 12 ml 
hexane prior to use. The TLE was dissolved in 0.5 ml DCM/isopropanol (2: 1 vlv) and 
applied to the cartridge. The neutral fraction was eluted with 8 ml DCM/isopropanol_ (2: 1 
v/v) followed by elution with 12 ml 2% acetic acid in diethyl ether of the acid fraction. 
Finally, the columns were flushed with 8 ml methanol in order to elute the polar fraction. 
Solvents from all three fractions were evaporated at 40°C under N2. 
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2.9.4 ltlethj lation of free fatty acids 
One hundred microlitres of BF3-MeOH complex was added to an aliquot of the acid 
fraction from the Bond Elut fractionation and heated at 80°C for 1 h. After cooling, 1 ml 
DCM extracted DDW was added and fatty acid methyl esters (FAMEs) were extracted 
with 3xI ml DCM, combined and passed through an anhydrous NaSO4 column to remove 
residual water. The DCM was evaporated at 40°C under N2. 
Z9.5 Saponification and met{e}lation ofphospholipids 
The phospholipid fraction, obtained from Bond Elut fractionation, with 20 µl of 
nonadecane in hexane (0.1 mg ml-1) i. s., was saponified for 1 hour at 100°C using 2 ml 
0.5 M NaOH. The PLFAs were extracted with 3x2 ml hexane and transferred to a clean 
culture tube, and the hexane removed under N2. When dry, 100 µl BF3-MeOH complex 
was added and heated at 80°C for 1 h. After cooling, 1 ml DCM extracted DDW was 
added and PLFA methyl esters (PLFAMEs) were extracted with 3x2 ml DCM, and 
passed through an anhydrous NaSO4 column to remove residual H2O. The DCM was 
evaporated at 40°C under N2. 
2.9.6 Flash column separation of neutrals 
Columns were packed with dry activated silica gel 60 (Fluka) and conditioned with 12 ml 
hexane. Samples of the neutral fraction were applied to the column in hexane and solvents 
were flushed through under positive pressure supplied by a stream of N2. Four lipid 
fractions were eluted with increasingly polar solvents: I. 4 ml hexane, containing 
hydrocarbons; II. 6 ml DCM, containing ketones and wax esters; 111.4 ml DCM/methanol 
(1: 1 vfv, ), containing alcohols; and, IV. 4 ml methanol, containing more polar compounds. 
The solvents were evaporated at 40°C under N2. 
2.9.7 Derivatisation of alcohol fraction 
An aliquot of the alcohol fraction containing the n-alkanol and sterol compounds, isolated 
during flash column separation, was derivatised using 50 p1 BSTFA + 1% TMCS. 
Samples were heated at 70°C for 60 min and excess derivatising agent removed at 40 °C 
under NI. 
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2.10 Instrumental analysis 
A flow diagram of the analytical protocol used to prepare compounds for instrumental 
analysis is shown in Figure 2.6. 
DRIED, MILLED SAMPLE 
70TA1 LIPID EXTNACT7ON 





OFF-LINE PYROLYSIS ACID NEUTRAL POLAR FRACTION FRA CTION FRACTION HYDROLYSIS 
ON-LINE PY-GC-MS 
TRIMEiHYLSILYLATION FATTY FREE ACIDS SAPONIFICATION 
MONOSACCHARIDES 
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Figure 2.6 Diagram of the analytical protocol used to prepare compounds for 
instrumental analysis. 
2.10.1 Gas chromatography (GC) 
2.10.1.1 HT-GC 
Saponified TLE was analysed using a Hewlett Packard 5890 Series II gas chromatograph 
equipped with an Agilent DB I (15 m length x 0.32 i. d. x 0.1 pm film thickness) fused- 
silica capillary column capable of performing at elevated temperatures, using H2 as the 
carrier gas (10 p. s. i. head pressure). Derivatised 1 µl fractions were injected on-column. 
The temperature programme was programmed from 1 min isothermal held at 50°C 
followed by a ramp to 3 50°C at 10°C miri 1, held for 10 min isothermal. 
48 
Chanter 2 Materials and experimental methods 
2.10.1.2 Non-polar compounds 
Pyrolysate and alcohol fractions were analysed using a Hewlett Packard 5890 Series II gas 
chromatograph equipped with a Chrompack CPSi1-5CB (50 mx0.32 mm i. d. x 0.12 µm 
film thickness) using H2 as the carrier gas (10 p. s. i. head pressure). Derivatised 1 µl 
fractions were injected on-column. 
The pyrolysates were analysed using the temperature programme: 5 min isothermal 40°C 
followed by a ramp to 3 00°C at 4°C min"', held for 10 min isothermal. 
The alcohol fractions (for n-alkanols and sterols) were analysed using the temperature 
programme: 1 min isothermal 40°C followed by a ramp to 200°C at 100 C min"' followed 
by a second ramp to 300°C at 3°C min 1, held for 20 min isothermal. 
2.10.1.3 Polar compounds 
Alditol acetates, FAMES and PLFAMES were analysed using a Hewlett Packard 5890 
Series II gas chromatograph equipped with a Varian VF23ms 50% cyanopropyl fused- 
silica column (60 mx0.25 mm i. d. x 0.25 p. m film thickness) using He as a carrier gas (10 
p. s. i. head pressure). 
The alditol acetates were analysed using the temperature programme: 1 min isothermal 
50°C followed by a ramp to 200°C at 20°C min-' followed by a second ramp to 230°C at 
4°C miri-', held for 22 min isothermal. 
FAMES and PLFAMES were analysed using the temperature programme: 1 min 
isothermal 50°C followed by a ramp to 150°C at 15°C min-' followed by an increase to 
NOT at 4°C mind and held at NOT for 20 min isothermal. 
2.10.2 Gas chromatography mass spectrometry (GC-MS) 
GC-MS analyses were performed using on a Finnigan Trace GC-MS, with GC conditions 
the same as in Section 2.10.1, except He was used as the carrier gas in all cases. The 
interface was set to the maximum oven temperature, the ion source was set to 30°C below 
this and the quadropole MS scanned the range of m/z 50 to 650 at 1.7 scans s 1. Data were 
acquired and processed using the Excalibur data system Version 1.2. 
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2.10.3 Gas chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS) 
The ratio of 13C: 12C in organic compounds is determined using IRMS. IRMS determines 
the small variations in isotope ratios relative to the measured isotope ratio of a reference 
gas in organic samples. Initially, an organic sample is combusted to CO2 and water. The 
water is removed and the CO2 passes into the source chamber where an ionizing beam of 
electrons causes an ejection of an electron from the outer shell of the CO2 molecule, giving 
CO2. The CO2+ is repelled towards the flight tube, focused, and then accelerated by a 
strong magnet. The trajectory of the C02+ passing through the magnetic field will depend 
on its mass: charge ratio (m/z), i. e. whether it is 12C1602 (m/z 44), 13C1602 (mz 45) or 
12C1802 (m/z 46). Thus, it is resolved into one of three ion beams that are collected by one 
of three corresponding Faraday cups. The neutralisation of the ions upon striking the cups 
results in an electrical current which is used to compute the stable C ratio compared to a 
measured standard gas, using the function: 
813C = 
IR 
ple - Rs d/ Rs, a, d 
Ix 1000 Equation 2.6 
where, R =13C: 12C 
The stable isotope composition of a substance (R), the 13C: 12C ratio, is expressed as %o (per 
mil) since the absolute abundance of the minor 13C isotope is about I%. The deviation of 
this value relative to an internationally accepted standard assigned a value of O%o, the PDB 
(Pee Dee Belemnite limestone) standard, is expressed as the 8 value (McKinney et al., 
1950; Boutton, 1991 a; Meier-Augenstein, 1999). 
GC-C-IRMS analyses were performed by injecting 1 µl sample into a Varian 3400 GC 
attached to a Finnigan MAT Delta S or Delta XP isotope ratio mass spectrometer (electron 
ionisation, 100 eV, 1 mA electron energy, 3 Faraday cup collectors m/z 44,45 and 46, 
CuO/Pt Finnigan MAT Mark I combustion interface maintained at 850°C). A Nafion 
membrane was employed to prevent water from reaching the ion source. A schematic of 
the GC-C-IRMS is shown in Figure 2.7. GC conditions were the same as those described 
in Section 2.10.1 except that He was the carrier gas used in all cases. Samples were 
calibrated against reference CO2 of known isotopic composition, which was introduced 
directly into the source three times at the beginning and end of every run. Each sample 
was run in duplicate or triplicate to ensure reliable mean S13C values. 
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Peaks that were not fully resolved were manually edited, using ISODAT software to select 
the start and end of the peak and set the required background, in order to obtain the best 
possible isotope result rather than editing the two peaks as one. This method of manual 
editing is likely to introduce a degree of error into the results; however, it was the only way 
to distinguish between two peaks that visibly had very different isotope values. All isotope 
values quoted were a mean of three replicate samples that had each been analysed twice 
with the error quoted being made up of the error in data processing in addition to the error 
associated with the replicates. 
S13C values obtained for methylated and trimethylsilylated compounds were corrected for 
the addition of the extra C using the mass balance equation shown in Equation 2.7. The 
S13C value for the BF3-MeOH (-34.1°x) was determined by bulk CF-IRMS. The S13C 
value for BSTFA (-37.4%o) was determined by derivatisation of a meso-inositol standard 
of known 6'3C value and back calculated from the rearrangement of Equation 2.7. The 
correction factors for alditol acetates were calculated using the method of Docherty et al. 
(2001), where the S13Cd term of Equation 2.7 was replaced with 613CcOR to represent the 
correction factor for a standard molecule of interest. These values were used to calculate 
the S13C values of underivatised compounds by correcting the 613C values of the 
derivatised compounds determined by GC-C-IRMS for addition of compounds during 
derivatisation, according to the expression: 
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ncdSl3Ccd = nc813Cc + ndö13Cd 
where, n= number of carbon atoms 
c= underivatised compound 
d= derivatising agent 
cd = derivatised compound 
2.11 Statistical tests 
2.11.1 Two sample Nest 
Equation 2.7 
All 1-tests were performed using Systat Version 7.0 for Windows (Systat, Inc. ). The two 
sample t-test is used to estimate the variance of a population, from the mean using the 
expression: 
x 
-JFs' /n Equation 2.8 
where, x= sample mean 
au = population mean 
2= standard variation 
n= sample size 
The paired 1-test was used to compare means of two samples. For example, it would be 
expected that similar compounds from the same source would have similar 8'3C values, 
therefore, the null hypothesis (Ho) would be that the 8'3C values would not be equal. If the 
t statistic returned by the t-test was p= <0.05, the Ho would be rejected with 95% 
confidence, implying the probability of compounds having the same 813C value was more 
than 95%. 
The unpaired t-test compares the means of two unrelated groups to see if a variable differs 
between them. For instance, an unpaired t-test may be used to compare the abundance of 
compounds extracted from treated and untreated soils on the same date. It is unlikely that 
treated and untreated soils would contain the same abundance, so the H,, would be that the 
abundance would be equal. If the t statistic returned by the test was p= <0.05, the Ha 
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could be rejected with 95% confidence, inferring that the probability of soil samples from 
the different treatments having the same compound abundance was less than 5%. 
In order to apply the t-test it is necessary that the data be normally distributed, i. e. the 
variability within the population should be same. If variance (square of standard 
deviation) of the two samples is equal a pooled variance t-test is used: 
t= xl - x2 Equation 2.9 
i(Lfl 
nl n2 
however, if variance is unequal a separate variance t-test is used. 




where: x, = sample mean i 
n; = sample size i 
s, = sample variance i 
iz 
s2 = 
(n, - i)s, + 
(n2 
- lýs2 = pooled variances of populations 1 and 2 
n, -1+n2 -1 
2.11.2 Analysis of variance (ANOVA) 
ANOVA were performed using GenStat® for Windows, 7t' Edition, 2004 and Systat 
Version 7.0 for Windows (Systat, Inc. ). ANOVA describes variability between sample 
groups and within sample groups, determining how much of the variation in the 
observations is due to population differences and how much is due to random variability. 
The ratio of the between groups variance to the within group variance is known as the F 
distribution, and can be used to generate ap value. A substantial F distribution implies 
large variation among sample groups compared with the variation within sample groups 
and, thus, that the sample groups are different. If the calculatedp values are <0.05 then the 
groups are deemed to be different at 95% confidence limits. For instance, ANOVA was 
used in Chapter 3 to analyse the variance between three soil treatments sampled on seven 
sampling occasions, i. e. with time as a factor. 
While ANOVA is able to describe significant differences between the sample groups, it is 
not able to determine which mean differs from another. In order to do this, pair-wise 
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comparisons are made of every combination of means. However, when several means are 
tested pair-wise, the probability of finding a significant difference by chance increases to 
the power of the number of pairs tested, thereby decreasing the significance of the p value. 
There are various procedures that provide protection for these multiple tests, such as Tukey 
and Bonferroni pair-wise procedures, that adjust the p value by taking the number of 
degrees of freedom (or number of comparisons committed in the ANOVA) into account. 
2.11.3 Restricted Maximum Likelihood (REML) 
As the experimental field samples were taken at dissimilar time intervals, the effects of 
time, treatment and time*treatment on the data (see Section 2.3.3) were estimated using the 
Restricted Maximum Likelihood (REML) procedure (GenStat® for Windows, 7`h Edition, 
2004). All treatments were found to be significant (p <0.05) except for the effect of 
treatment on TOC in the 1-5 cm horizon (p = 0.097; see Table 2.1). 
Table 2.1 Results of REML analysis estimating the effect of time, treatment and 
time*treatment on the outcome of TOC (%) and 813C Qo measurements = <0.05). 
I TOC (%) IPC (%) 
0-1cm 1-5cm 0-1cm 1-5cm 
Time <0.001 <0.001 <0.001 <0.001 
Treatment <0.001 0.097 <0.001 <0.001 
Time * Treatment <0.001 <0.001 <0.001 <0.001 
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Chapter 3 DECOMPOSITION AND INCORPORATION OF NATURAL 
ABUNDANCE 13C-LABELLED DUNG PATS INTO THE SURFACE HORIZONS 
OF A TEMPERATE GRASSLAND SOIL USING BULK S13C VALUES 
3.1 Abstract 
Herbivore dung constitutes a substantial input of C to temperate grazed grassland soils, and 
its fate must be determined in order to fully understand the C cycle in this ecosystem. This 
experiment used changes in bulk 513C values of the 0-1 cm and 1-5 cm soil horizons of a 
dung-treated temperate grassland soil to estimate % applied dung C incorporation over 372 
days. Natural abundance 13C-labelled C4 dung (613C = -12.6 ±0.3%o) and C3 dung (&3C = 
-31.3 ±0.1%o) were applied to a C3 grassland (S13C = -29.9 ±0.7%o, 0-1 cm; 813C = -30.6 
±1.1%o, 1-5 cm), and dung remains and soil cores from beneath the treatments were 
sampled at seven sampling occasions intervals over 372 days. 5 3C values were used to 
estimate a maximum of 12% applied dung C incorporation in the top 5 cm of the soil after 
112 d, which declined to around 8% at the end of the experiment. A significant increase in 
% applied dung C was observed in the top 1 cm of soil, compared with the I-5 cm 
horizon, after a substantial rain event after 30 days. 
3.2 Introduction 
Forty per cent of the Earth's land surface is grassland, and temperate grassland ecosystems 
cover an area of 33 x 106 km2 (Janen, 2004). Although much of the UK is grassland these 
are mainly plagioclimax ecosystems maintained by the activities of grazing ruminants, 
especially sheep and cattle. These grasslands have become a resource for an intensive 
livestock industry, whose substantial by-product, dung, is returned to the environment 
directly by grazing animals, or used as a soil improver. There are 11,281 x 103 cattle in the 
UK, each producing an average of 280 1 dung week-1 containing 20 - 50% DM (Gendebien 
et al., 2001). 
Cattle manures are used as soil treatments to stimulate plant growth through the addition of 
dung N (4 -9 kg tl FYM), P (1 -8 kg t-1 FYM) and K (4 - 12 kg t-1 FYM) (Gendebien et 
al., 2001). As a soil improver, dung has been proven to increase SOM content 
(Sommerfeldt & Chang, 1985) resulting in improved soil structure (Edmeades, 2003; 
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Haynes & Naidu, 1998) including a 46% increase in porosity (Marinari et al., 2000), 
increased soil animal biodiversity (Bardgett & Cook, 1998) and soil microbial biomass 
(Lovell & Jarvis, 1996). However, there are negative consequences associated with 
undispersed dung. These include: fouling of pasture incurring a reduction of grazing 
potential for up to two years (Castle & McDaid, 1972) due to obstruction of normal sward 
regeneration and encouragement of unpalatable grass species (Macdiarmid & Watkin, 
1972a; 1972b; Dickinson et al., 1981) acting as a breeding medium for many cattle pests 
(Hoekstra et al., 2002) and reducing the appeal of amenity grasslands. 
Several long-term experiments have proven that the use of manures significantly increases 
SOM (Haynes & Naidu, 1998; Edmeades, 2003), and thus the extensification of agriculture 
to revisit the traditional use of manures as soil improvers is an option for mitigation of 
GHGs through enhanced soil C stocks (Smith et al., 1997; Fortuna et al., 2003). 
Knowledge of the rate of decomposition and incorporation of dung C into top soil is 
fundamental in understanding the contribution of this ubiquitous material to the grassland 
soil C budget. 
3.3 Aims and objectives 
A previous experiment, begun in autumn, used bulk C isotopes to estimate that 30% dung 
C had entered the top 5 cm soil after 70 d but then declined to 17% after 150 d (Bol et al., 
1999a; 2000; 2004a; 2004b). As `muck spreading' on grassland is usually performed in 
spring (Chambers et al., 2001), and animals are set to graze in the spring and summer (Van 
Soest, 1994), it is more realistic to begin an experiment researching the fate of dung C in 
soil early in the year and to follow the dynamics of decomposition over one year. 
Therefore, the main objectives of this experiment were: 
1. To observe the rate and manner in which cow dung pats decompose after spring 
surface deposition, and consider the major factors contributing to decomposition. 
2. To estimate the rate of dung C incorporation into the top 5 cm of a temperate grassland 
soil over 372 d using bulk 813C values, and make a seasonal comparison to the results 
of a previous study which commenced in autumn. 
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3.4 Field site analysis 
Detailed analyses of the soil at the Little Burrows experimental field site at IGER-NW was 
carried out prior to the field experiment (see Section 2.3 for further site details). The 
experiment determined incorporation of dung C into the top 5 cm of soil only as (Bol et al., 
2000) found no significant changes in 813C below this depth in the previous autumn 
experiment. 
3.4.1 Soil density (Db) and volume soil water content (0) 
i) Db 
The Db measurements were in the normal range for cultivated clay and silt barns (Brady & 
Weil, 2002), and there was no difference in Db up to 4 cm in depth (0 - 1.5 cm =1 ±0.1 g 
cm3,0-4cm =1 ±0.1 gcm'3). 
ii) 0 
0 was slightly higher in the top 1.5 cm of the soil (0.5 ±0.0 m3 m-3) than for the top 4 cm 
(0.4 ±0.1 m3 M-3) which reflected the higher organic content of the surface soil 
(corresponding to the Ah horizon of the soil; Fig. 1.5). The 0 implied that the surface soil 
would become saturated after three hours of steady rain (Brady & Weil, 2002) which 
would prevent downward movement of leachates and encourage lateral movement of 
surface residues, and also reduce the activity of aerobic soil fauna and microbes. 
3.4.2 Field site vegetation and soil 
Bulk S13C, total C and total N values for the vegetation and underlying soil up to 20 cm 
depth were obtained using CF-IRMS (Table 3.1). Experimental details are given in 
Chapter 2. 
Table 3.1 Bulk 813C (%. o), total C (%) and total N (%) values (n = 4) for the vegetation 
and underlying soil of four soil cores taken from the experimental plot at 22.04.02. 
Soil depth 
Vegetation 0-1 cm 1-Scm 5-10cm 10-20 cm 
S13C (%o) -29.8 . i0.4 -29.9 . t0.7 -30.6 ±1.1 -29.2 f0.9 -30.1 ±1.6 
total C (%) 36.0 f4.9 4.1 x-0.3 2.9 ±0.3 2.5 ±0.1 2.6 ±0.3 
total N (%) 1.9-, 10.4 0.3 ±0.0 0.3 X0.0 0.2 ±0.0 0.3 -f0.0 
C: N 18.9 13.6 9.7 12.5 8.7 
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i) Field site soil and vegetation 613C values (%o) 
The vegetation growing on the four cores showed a strong C3 signature with average 813C 
value of -29.8 ±0.4%o. The [13C] isotopic composition of soil largely reflects the 
photosynthetic pathway of the dominant species in the plant community (Boutton, 1991b) 
and the 6'3C values in all four soil horizons to 20 cm depth were similar to the vegetation 
at the field site, confirming the C3 status of the plot and its suitability for application of the 
natural abundance 13C-labelling technique. There is usually a decline in 513C values with 
depth (Bol et al., 1999b; Accoe et al., 2002), but this was not observed in the cores 
presumably due to the effects of ploughing and reseeding three years previously. 
ii) Field site soil and vegetation TOC and TON (%) 
The 5- 20 cm horizons contained about 35% less TOC (2.5 - 2.9%) than the top 1 cm 
(4.1 %) corresponding to an Ah horizon and less organic A horizon beneath (Fig. 1.5). The 
TON was similar throughout the profile (0.2 - 0.3%). In 1996, Lovell & Jarvis found that 
soils that had undergone conventional grazing management at IGER-North Wyke (the 
experimental site) had a total C of 4.4% and total N of 0.4% in the 2.5 - 10 cm depth. The 
lower concentrations of total C and total N in our experimental site at the same depth were 
probably due to the halt to grazing a year before, and mixing of soil horizons and enhanced 
C mineralization when the site was ploughed and reseeded three years previously. 
iii) Field site soil and vegetation C: N 
The C: N ratios in all four horizons ranged from 9- 14. The 0-1 cm and 1-5 cm horizons 
had C: N ratios of 14 and 10, respectively which is within the normal range for agricultural 
soils (Charman & Roper, 2000; Brady & Weil, 2002) and similar to values measured at the 
experimental site in 1996 (Lovell & Jarvis, 1996). The C: N ratio of the plant material at 
the site was 19, so the lower soil values indicated that some organic inputs were 
decomposed in the litter layer and not incorporated into the A soil horizon. 
3.5 Surface decomposition of dung pats and residues 
The 8'3C values for soils treated with both C3 and C4 dung were required to estimate dung 
C incorporation (see Section 2.5.5). In order to calculate % dung C in soil, it was assumed 
that both types of dung undergo the same transformation and transport processes (Bol et 
al., 2000), so it was deemed important to ascertain any differences between C3 and C4 
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dung that might influence rates of C incorporation. Figure 3.1 clearly shows visual 
differences between the two dungs after two days on the field that must relate to different 
biochemistry. 
Figure 3.1 Photographs of experimental 23 cm di. a) C3 dung pat, and, b) C4 dung pat 
after 2 days on the field (24.02.02), showing clear visual differences between dung types. 
In order to consider the dynamics of dung decomposition and incorporation into the soil, 
the dung residues were collected and subjected to the same bulk measurements as the 
experimental soils plus % water content (Table 3.2). All experimental details are given in 
Chapter 2. 
Table 3.2: Bulk 8'3C (96o), total C (%) and total N (%) values (n = 6) and water content 
(%) (n = 4) for C; and C4 dungs used for dung C incorporation experiment. 













i) Dung pat water content (%) and dry weight (g) 
The mean water content was similar for the C3 and C4 dung (ca. 86%) which is within the 
reported range of 69 - 87% (Macdiarmid & Watkin, 1972b; Dickinson & Craig, 1981; 
Lovell & Jarvis, 1996; Bol et al., 2000). However, the standard deviation for the C3 dung 
was large (±10.7), the % values ranging from 70.1 - 95.0%, compared with the C4 dung 
(±2.0). Differences in moisture levels might affect decomposition rates by affecting the 
leaching potential of dung solutes. and the maintenance of an anaerobic environment, 
extending the activity of obligate anaerobic gut microbes deposited with the dung. 
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Therefore, the method could be improved initially by normalising water content between 
dungs before application. 
The dung residues were removed from the soil surface using the wire mesh (Fig. 2.3), and 
dried and weighed on each sampling occasion over the 372 d. Figure 3.2 shows the 
changes in % DW of the dung residues at t=0,7,28,56,112,224 days and illustrates 
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Figure 3.2 Changes in dry weight (g) of C3 (") and C4 ( ) dung residues (n = 8) at t=0, 
7,28,56,112,224. 
At t= 372 the dung was indistinguishable from the soil, and no measurements could be 
taken. The C3 dung lost 25% DW in the first week, while there was a minimal loss from 
the C4 dung until t= 28, after which the C4 dung lost around 40% DW and the C3 dung 
another 25% by t= 56. This suggested that the C3 dung contained slightly more soluble 
matter at the beginning of the experiment which was lost immediately. The quiescent 
period between t=7 and t= 28 was caused by a warm, dry period when a crust formed on 
the surface of both dungs. A significant rain event occurred at t= 31 which precipitated 
the most significant loss of DW from the C4 dung, and further large losses from the C3 
dung. No further loss in DW was seen after t= 56 when both dung residues retained 50% 
of their original DW for the next eight weeks, suggesting that the `metabolic pool' of 
simple carbohydrates and proteins had been lost, leaving the `structural pool' of 
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polysaccharides which were more resistant to decomposition (see Table 1.4). The nature 
of the organic components of dung will be explored in the next chapter. The apparent 
increase in % DW after t =112 was most likely due to the mixing of mineral soil with the 
dung caused by macroinvertebrate activity. Some input from senescing vegetation at the 
end of the growing season would be expected, although obvious contaminating plant litter 
was removed from the residues before analysis. 
ii) Dung pat 813C values (%o) 
The results of the diet switch from C3 to C4 silage gave a &13C value of nearly 19%o 
between C4 and C3 dung (Table 3.2), which was 3%. o more enriched than the dung utilised 
in the previous autumn experiment (Bol et al., 2000), and an initial A13C value of almost 
18 o between C4 dung and C3 soil. (See Chapter 4 for further details of the diet switch 
experiment. ) Individual 813C values (n = 1) for C3 and C4 dung residues and &13C values 
between the two dung types sampled over 372 d are shown in Figure 3.3. This data should 
be viewed with caution as it relies on the analysis of only one representative of the dung 
residues at each sample date. However, an expected pattern of decline in 813C values in 
the C4 dung residues was apparent. 
All the 813C values of the dung residues were more depleted than their respective fresh 
dungs for the whole experiment. At t=7, the C3 dung residue was 2%o lower than fresh C3 
dung, and C4 dung was 3%o less enriched in 13C compared to fresh C4 dung. It was 
suspected that this change must be due to the loss of soluble 13C-enriched compounds 
immediately after deposition, which corresponded to a loss in % DW in the C3 dung, but 
not in the C4 dung (Fig. 3.2). The A13C value of Moo between C3 and C4 dung was 
maintained until t= 112, suggesting that all of the various organic components in either 
dung were fully C3 or C4 labelled, as loss in % DW did not correspond to a change in A'3C 
values. At t= 112, the A13C value was reduced by 6%o to around Moo, which could be due 
to either unequal loss of highly 13C enriched compounds, such as carbohydrates, from the 
C4 dung, or the mixing of the dung residues with C3 soil caused by the activity of 
macroinvertebrates (Underhay & Dickinson, 1978). Subsequent chapters explore the flux 
of individual C4 dung-derived organic molecules into the soil. 
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Figure 3.3 813C values (96o) (n = 1) plotted for bulk (CO (") and C4 dung residues ( ) 
showing individual 613C values at t=7,14,28,56,112,224,372 with C3 dung (- - -) and 
C4 dung (- - -) bulk 813C values. 
iii) Dung pat C: N ratios 
The measured total C and total N (%) of the experimental C3 and C4 dungs are shown in 
Table 3.2, and Figure 3.4 illustrates that C4 dung had a significantly higher C: N ratio (27) 
than C3 dung (18). The total C of both dungs was comparable at around 45%, and falls at 
the upper end of the reported range of 37 - 46% for cow dung (Lovell & Jarvis, 1996; 
Marinari et al., 2000, Chantigny et al, 2002; Wichern et al, 2004). The difference in C: N 
ratios was due to the total N content: C4 dung contained 65% less total N (2%) than the C3 
dung (3%), which were both within the reported range for cow dung (Haynes & Williams, 
1993; Lussenhop et al., 1982; Chantigny et al., 2002; Marinari et al., 2000). This 
difference in initial C: N ratios of the dungs might have affected incorporation into the soil, 
particularly with respect to the activity of the SMB as N may become limiting when C: N 
ratios exceed 25 (Brady & Weil, 2002). The high C: N of C4 dung, compared with values 
of 12 - 19 measured in temperate (C3) cattle dung (Chantigny et al., 2002; Lovell & Jarvis, 
1996), must be due to reduced contribution of nitrogenous waste to C4 dung. This may be 
related to differences in forage quality that affected the activity of the rumen. Analyses of 
both C3 and C4 dung and silage was performed to explore the basis for any distinction 
between dungs (see Chapter 4). 
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The initial difference in the C: N ratio between the fresh C3 and C4 dungs was lost in the 
residues by t=7. A decline in C: N of 7 was calculated in the C4 dung residues caused by a 
reduction in total C. The ' 3C isotope data also implied a slight decrease in a' 3C-enriched 
C source in both dungs (Fig. 3.4). However, no significant increase was seen in total C or 
S13C values in the dung-treated soils at t=7 (see below) suggesting that these substances 
were possibly lost as CO2 during aerobic respiration or CH4 during fermentation. In 
contrast, the C: N ratio in the C3 dung increased by nearly 3, and may have been due to the 
rapid mineralisation and loss of N as NH4 or N20. Some of the C3 dung contained up to 
95% water, which may have sustained an anoxic environment within the cowpat promoting 
the survival of gut microorganisms. Various rumen species, particularly protozoa, produce 
ammonia from the breakdown of proteins (Van Soest, 1994), and Fusarium oxysporum and 
many other soil fungi are also capable of anaerobic metabolism of NO3 to form NI- 
14-These fungi can adapt immediately to rapid changes in environmental 0 supply, and 
`ammonia fermentation' can support anoxic growth of fungi even under complete loss of 0 
supply (Uchimura et al., 2002). Of course, high water content in the C3 dung would also 
encourage rapid leaching of highly polar nitrogenous compounds, such as amino acids, 
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Figure 3.4 C: N ratio of C3 (") and C4 (. ) dung residues at t=0,7,14,28,56,112,224, 
372. 
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The C: N ratio the both dung residues remained at around 20 at t= 56, indicating little loss 
of organic components from the dung due to the development of a protective crust 
developed during the warm, dry period at the beginning of the experiment. However, after 
a period of heavy rainfall, prior to t= 56, a significant reduction in C: N is seen in both 
dungs, implying a physical aspect to the loss of components from the dung residues. By 
the end of the experiment, the dung residue C: N was at the same value as the control soil. 
At this stage, the dung residues were indistinguishable from the SOM in all measurements 
apart from the S13C values (Fig. 3.3) supporting the requirement for 13C isotope data to 
differentiate sources of C in the soil in this study. 
3.6 Bulk dung C incorporation into organic soil horizons 
The results of statistical analyses of variance (ANOVA) for totalC (%), total N (%), and 
813C (%w) between samples dates for this experiment (Table 3.3) showed that at t= 14,28 
and 224, the total C (and total N) were not significant in C4 dung-treated plots. However, 
613C values were significant for the whole experiment in both horizons, apart from t=7 in 
the 1-5 cm horizon, providing evidence that natural abundance 13C is a suitably sensitive 
tracer of natural abundance 13 C-labelled dung C into C3 grassland top soil. 
Table 3.3 Results of an ANOVA between total C, total N, and S13C values measured in 
the 0-I and I-5 cm horizons of C4 dung-treated (n = 8) and control soils (n = 8) at 7 
sample dates over 1 year. Significant results (p = <0.05) are shown in bold. 
Sample day 
Soil 
horizon t=7 t=14 t=28 t=56 t=112 t=224 t=372 
total C 0-1 cm 0.001 0.260 0.311 <0.001 <0.001 0.052 0.024 
(%) 1-5 cm 0.573 0.706 0.625 0.007 0.517 0.450 0.007 
total N 0-1 cm 0.007 0.506 0.114 0.005 <0.001 0.079 0.088 
(%) 1-5 cm 0.391 0.631 0.852 0.047 0.219 0.842 0.603 
613C 0-1 cm <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
(%0) 1-5 cm 0.368 0.001 <0.001 <0.001 <0.001 0.027 0.003 
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3.6.1 Bulk dung incorporation in the 0 -1 cm soil horizon 
i) Dung-treated soil 0-1 cm 613C values (%o) 
Mean bulk 6'3C values (n = 8) for the 0-1 cm of the C3 and C4 dung-treated soils were 
similar for the first month, both soils showing a slight enrichment of 2- 3%o by t= 28, 
which would be consistent with the leaching of 13C-enriched soluble components into the 
soil (Fig. 3.5). At t= 28 the control soil 813C values showed aI %o depletion, perhaps 
reflecting the decomposition of stocks of 13C-enriched polysaccharides, and a lack of 
organic input during the spring. The 613C values of soil under C3 dung treatment were 
only significantly different from the control soil between t= 56 and t =112 (p = <0.05; 
Table 3.3). 
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Figure 3.5 Mean bulk 813C values (%o) (n = 8, dung treated; n=4, control) of 0-1 cm C3 
(") and C4 dung treated (. ) and control (A) soils at t=7,14,28,56,112,224,372 with C3 
soil (- - -) and C4 dung (- - -) bulk 813C values. 
The 613C values of the C4 dung treated soil increased sharply by 8%o to -22 ±1.2%o by t= 
56, but this phenomena did not correspond to a reduction in 613C values in the dung 
residues (Fig. 3.3), suggesting the movement of whole dung into the top soil caused by 
heavy rainfall at t= 31. The bulk 613C value at t= 56 in the 0-1 cm horizon of the C4 
dung treated soil was the most 
13C-enriched value in any of the soils during the 
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experiment. After this sample date, the 813C value declined slowly to -27.0 ±1.2%o at t= 
372. This value was 5% more enriched than the 0-1 cm horizon of the C3 dung treated 
and control soils that had a similar 813C value of around -31 %w at the end of the 
experiment. The reduction in 813C values in the top centimetre of the soil corresponded to 
reductions in total C (Table 3.5) suggested a steady loss of dung C from the Ah horizon, by 
mineralisation or leaching, which was not replaced by the dwindling dung residues after 
the rainfall at t= 31. However, this may also have implied a greater loss of more labile 
13C-enriched components relative to more recalcitrant 13C-depleted components, such as 
lipids and lignin, from both the dung residue and soil. Therefore, it was hypothesised that 
813C values in the 0-1 cm horizon under C4 dung treatments were maintained by 
recalcitrant, relatively 13C-depleted organic components of dung whose chemistry, e. g. 
hydrophobicity of aliphatic molecules, might encourage their sequestration in the 0-1 cm 
horizon. 
ii) Dung-treated soil 0 -1 cm bulk dung C incorporation (%) 
The determined S13C values were used to calculate the amount of applied dung C 
incorporated into the top centimetre of the soil using the expression P= BCDWT (Bol et 
al., 2000; see Section 2.5.5). The calculations are shown in Table 3.4 and illustrated in 
Figure 3.10. 
Table 3.4 Calculation of bulk incorporation of dung C into the 0-1 cm soil horizon 
beneath C4 dung pats from t=7 to 372, using P= BCDV/T (after Bol et al., 2000). 
tBCDVTP 
day g cm~' mg Cg % cm' g Dung pat C in soil Amount of initial 
dry soil'' (g) pat C in soil (%) 
7 1.01 4.13 0.04 415.47 87.75 0.85 0.75 
14 1.01 4.13 0.10 415.47 87.75 2.00 1.76 
28 1.01 4.13 0.14 415.47 87.75 2.82 2.47 
56 1.01 4.13 0.46 415.47 87.75 9.31 8.17 
112 1.01 4.13 0.42 415.47 87.75 8.40 7.37 
224 1.01 4.13 0.32 415.47 87.75 6.41 5.63 
372 1.01 4.13 0.24 415.47 87.75 4.93 4.33 
The bulk method estimated a major incorporation of dung-derived C into the top 1 cm of 
the soil at t= 56, when 50% dung DM remained on the surface (Fig. 3.2). An elevated 
level of dung C (above 4%) compared to the control plots was observed in this horizon 
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until the end of the experiment, but, this accounted for only 8% of the initial dung C, and 
was 2% more than the maximum dung C incorporation in the top centimetre of soil 
reported by (Bol et a!., 2000). 
iii) Dung-treated soil 0-1 cm C: N ratio 
The C: N ratios in the C3 and C4 dung-treated soils co-varied for the duration of the 
experiment (Fig. 3.6). All treatments seemed to be responding to a common trend until t= 
28, showing an increase in C: N that might have been purely in response to temperature 
increase during May. Root growth and rhizosphere exudation would have been active at 
this time, encouraging proliferation of the SMB, resulting in enhanced mineralisation of C 
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Figure 3.6 C: N ratios of 0-1 cm horizon of C3 (") and C4 ( ) dung-treated and control 
soils (A) at! =7,14,28,56,112,224,372. 
By t= 56 the C: N ratio in the control pats decreased by about I suggesting that available C 
and N were exhausted in the control plots, whilst both C3 and C4 dung treated soils 
increase by almost 3. This must have been from the input of C and N from the dung after 
heavy rainfall at t= 31/2. Thereafter, the total C and total N (Table 3.5) were reduced, but 
were always elevated relative to the control soils. All soil treatments showed an increase 
in C: N, total C and total N at the end of the year. It was interesting that levels in the 
control soil after 372 d were higher than at the same time the previous year, suggesting that 
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the effect of dung deposition extends outside the predicted zone of influence, though the 
mechanism for this was not clear. The data indicated that both C3 and C4 dungs 
contributed a similar, consistent source of material that enhanced both C and N stocks over 
372 d relative to control soils. 
Table 3.5 Total C (%) and total N (%) values of 0-1 cm soil horizon sampled beneath 
C., or Cd dune hats. or Control (no dung) from 22.04.02 - 29.05.03. 
t Control soil C3 dung soil C4 dung soil 
day total C total N total C total N total C total N 
(%) (%) (%) (%) (%) (%) 
0 4.13 ±0.32 0.35 ±0.04 - - - - 
7 3.62 ±0.15 0.42 ±0.04 4.24 ±0.34 0.46 ±0.03 3.87 ±0.67 0.44 ±0.12 
14 4.03 ±0.15 0.43 ±0.01 4.46 ±0.48 0.48 ±0.03 4.2010.36 0.47 ±0.04 
28 4.57 ±0.81 0.42 ±0.04 5.15 ±0.57 0.50 ±0.08 4.89 ±0.58 0.47 ±0.04 
56 3.74 ±0.38 0.37 ±0.06 7.15 ±1.09 0.55 ±0.11 7.53 ±1.37 0.58 ±0.10 
112 4.15 ±0.43 0.42 ±0.04 7.68 ±1.59 0.65 ±0.09 7.66 ±0.86 0.66 ±0.04 
224 4.07 ±0.53 0.46 ±0.05 4.73 ±1.36 0.49 ±0.22 5.43 ±1.02 0.57 ±0.09 
372 4.34 ±0.28 0.42 ±0.02 4.85 ±0.40 0.45 ±0.03 5.05 ±0.49 0.46 ±0.02 
3.6.2 Bulk dung C incorporation in the 1- 5 cm soil horizon 
In undisturbed, well drained soils, the 1-5 cm depth is often part of the 0 horizon (Fig. 
1.5). However, the soil in the experimental plot had been ploughed three years previously, 
and vegetation had been grazed since leaving comparatively meagre amounts of organic 
material. Therefore, the only obvious stratification was the thin organic layer from 0-I 
cm defined by total C measurements (Table 3.1) as the Ah layer. Some roots, especially 
from Ranunculus sp., did penetrate into the 1-5 cm horizon, but it was otherwise 
physically dense and very wet, especially earlier in the year, which would prevent the 
penetration of fine grass roots. 
i) Dung-treated soil 1- 5 cm 813C values (%o) 
The enrichment of the 13C isotope in the 1-5 cm soil under C4 dung pats followed the 
same pattern as the 0-1 cm horizon, but at a retarded rate and lower magnitude (Fig. 3.7). 
Although the scale of the plot of the 813C values in the figure does not best illustrate the 
significant differences between C3 and C4 values, an ANOVA (Table 3.3) calculated that 
the 813C values for C4 dung treatment in the lower horizon were always significantly more 
13C-enriched than the C3 dung treated or control soils, apart from t=7 (p = <0.05). 
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Maximum bulk 613C values were measured in the C4 dung treated plots at t= 112 (613C =- 
27 ±1. I°%. o), rather than t= 56 in the 0-1 cm (S'3C = -22.0 ±1.2%0). As the soil appeared 
quite impermeable due to the fine texture (see Section 2.3) it was expected that downward 
translocation of OM from the dung pat at the surface might be restricted. The large 6- 79VO0 
depletion in 613C values to unexpectedly low values of ca. -36%o determined in all 
treatments after t= 224 suggested that the C in the 1-5 cm horizon became dominated by 
13C-depleted compounds, such as lipids and lignin later in the winter. There was an 
additional minor depletion of <I %o in all treatments by the end of the experiment (t = 372). 
At this time, a A13C of about 2%o between the control and C4 dung-treated soils suggested 
that some dung C remained in the I-5 cm horizon 372 d after deposition. The C3 dung 
had very similar 813C values to the control soil for the duration of the experiment. The 
bulk 813C values of the control soil at t=7,14,28 and 56 were slightly 13C-enriched 
compared the bulk soil value at t=0 (S'3C = -30.6 ±1. l°%o) until t= 56 suggesting that this 
horizon was receiving an input of 13C enriched C, presumed to be mainly due the input of 
root exudates during rapid spring vegetative growth. 
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Figure 3.7 Bulk 613C values (n = 8, dung treated; n=4, control) of 1-5 cm C3 (") and C4 
dung treated ( ) and control (") soils at t=7,14,28,56,112,224,372 with C3 soil (- - -) 
and C4 dung (- - -) bulk 
PC values. 
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ii) Dung-treated soil 1- 5 cm bulk dung C incorporation (%) 
The bulk &3C values were used to estimate dung C flux into the soil, using the method of 
(Bol et al., 2000; Table 3.6). There was a very gradual increase in dung C accounting for 
<2% until t= 28. This doubled by t= 56, and then rose slightly to a maximum at t= 224 
(5.8%), although the difference between the 0-1 cm and 1-5 cm horizons was only 0.6%. 
This may be due to a variety of reasons: 
I. The upper and lower soil horizons may have become similar due to the mixing of the 
dung into the soil by burrowing macroinvertebrates, such as dung beetles and earthworms, 
which were seen to be associated with the experimental dung pats. In temperate 
agroecosystems coprophagous invertebrates play an important role in dung dispersal 
(Dickinson et al., 1981) which may be responsible for up to 50% of the mass loss of dung 
material (Curry, 1994). 
II. Dung C may have entered the 1-5 cm soil horizon at the same rate as the 0-1 cm 
horizon but may have been diluted by a greater concentration of indigenous C. However, 
TOC values (Table 3.1) indicate that the reverse was the case. 
III. The amount of, especially particulate forms of, dung C able to enter the 1-5 cm 
horizon may have been restricted by the impermeable soil structure (silty clay); thus, any 
change in 813C values may be due to the input of leachable, soluble 13C-enriched 
compounds, which would suggest that a slight overestimate of % dung C incorporation 
might have resulted from using P= BCDV/T (see 2.5.5). 
Table 3.6 Calculation of bulk incorporation of dung C into the 1-5 cm soil horizon 
beneath C4 dung pats from t=7 to 372, using P= BCD VIT after Bol et al., 2000). 
tBCDVTP 
day gem'j mg Cg % cm' g 
dry soit' 
7 0.99 2.92 0.01 1661.9 87.75 
14 0.99 2.92 0.03 1661.9 87.75 
28 0.99 2.92 0.04 1661.9 87.75 
56 0.99 2.92 0.08 1661.9 87.75 
112 0.99 2.92 0.10 1661.9 87.75 
224 0.99 2.92 0.11 1661.9 87.75 
372 0.99 2.92 0.07 1661.9 87.75 
Dung pat C in soil Amount of initial 
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iii) Dung-treated soil 1-5 cm C: N ratio 
The C: N ratios in the dung-treated soil in the 1-5 cm horizon were 3 lower than in the top 
1 cm at t= 56, and comparable to the control soil in this horizon. The C: N of all 
treatments was reduced to around 7 at t= 224. The control soil recovered at the end of the 
experiment to values similar to t=7 (Fig. 3.8), but the dung-treated soils remained at a 
reduced level due to 19% loss of C and a 12% increase in N in the horizon after t= 112 
(Table 3.7). This was in contrast to the C: N ratios of the 0-1 cm horizon which recovered 
due to an increase in total C by t= 372. This suggested that the 13C-labelled components 
reaching the lower A horizon were soluble and were lost from the system by leaching or 
rapid respiration. Bol et al. (2000) determined 2% dung C in leachates from lysimeters 30 
cm below the soil surface. Such soluble material is likely to be readily metabolised by 
SMB causing a priming effect increasing the rate of utilisation of both dung C inputs and 
native C, resulting in an overall loss from the system (Kuzyakov et al., 2000; Fontaine et 
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Figure 3.8 C: N ratios of 1-5 cm horizon of C3 (") and C4 ( ) dung-treated and control 
soils (") at t=7,14,28,56,112,224,372. 
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Table 3.7 Total C (%) and total N (%) values of 1-5 cm soil horizon sampled beneath 
C3 or C4 dung pats, or Control (no (lung) Irom LL. U4. UL - L9. UJ. U3. 
t Control soil C3 dung soil C4 dung soil 
day TOC (%) TON (%) TOC (%) TON (%) TOC (%) TON (%) 
0 2.93 ±0.02 0.28 ±0.02 - - - - 
7 3.52 ±0.70 0.39 ±0.09 3.94 ±0.53 0.42 ±0.05 3.24 ±0.48 0.35 ±0.05 
14 3.49 ±1.20 0.36 ±0.12 2.98 ±1.02 0.31 ±0.10 2.97 ±0.43 0.31 ±0.10 
28 3.24 ±0.23 0.36 ±0.02 3.45 ±0.56 0.37 ±0.04 3.24 ±0.32 0.36 ±0.02 
56 3.57 ±0.31 0.38 ±0.02 4.29±0.28 0.42 ±0.03 3.89±0.41 0.41 ±0.03 
112 3.94 ±0.36 0.41 ±0.02 4.33 ±0.50 0.43 ±0.04 4.46 ±0.34 0.46 ±0.02 
224 3.07 ±0.32 0.46 ±0.05 3.50 ±0.42 0.49 ±0.22 3.59 ±0.39 0.57 ±0.09 
3 72 3.94 ±1.10 0.42 ±0.02 3.21 ±0.30 0.45 ±0.03 3.12±0.31 0.42±0.02 
3.6 .3 The effect of season on 
dung incorporation 
This experiment used natural abundance 813C values to follow the bulk movement of 
labelled dung C into a temperate grassland soil from April 2002 until May 2003. The same 
techniques were used by (Bol et al., 2000) for a similar experiment that commenced in 
October; thus, seasonal effects on dung C incorporation could be tentatively explored using 
the data gained from this new experiment, started in the spring, and the previous 
experiment. The dung samples used in both experiments had similar weights (1.5 kg), 
water contents (ca. 85%) and total C content (ca. 40%). 
Figure 3.9 illustrates that the dung treated soils sampled in the autumn experiment showed 
a different pattern of dung incorporation to that of the spring experiment. The autumn data 
for the 0-1 and 1-5 cm horizons showed a sigmoid pattern of incorporation of dung C 
over 150 d, with a steep initial incorporation into the soil followed by a significant loss 
then recovery in % dung C, compared with a more retarded, almost linear incorporation in 
the spring over the same period. The magnitude of dung C incorporation also appeared to 
be greater in both horizons in the autumn study over similar timescales. It seems that 
physical protection of the pats afforded by dry crust formation and lower rainfall early on 
in the spring experiment prevented an early flux of dung C into the soil and an overall 
reduction in potential incorporation. Therefore, it appears that a seasonal difference in 
precipitation was the prime variable affecting dung C incorporation in both spring and 
autumn studies. 
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0-1 cm autumn experiment 
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1-5 cm autumn experiment 










0 50 100 150 200 250 300 350 
Days 
Figure 3.9 Comparison of data from autumn (Amelung et a!., 1999b; Bol et al., 1999a) 
and spring (Dungait et a!., 2005) experiments showing differential incorporation of % 
applied dung C to the 0-1 cm and 1-5 cm soil horizon in the spring ( Q) and autumn 
(A A). 
Figure 3.10 demonstrates the coincidence of peak weekly mean precipitation at t= 35 and 
the maximum bulk 813C value of the 0-1 cm soil horizon at t= 56. Underhay & 
Dickinson (1978) reported that rainfall promotes physical degradation and aids in the 
incorporation of dung fragments into the soil. Prior to this rain event there had been no 
significant difference (0 -1 cm, p=0.311; 1-5 cm, p=0.625) between TOC of the 
control and treated soils as the dung C was physically protected from decay by a resistant 
crust formed during warm, dry weather immediately after deposition. The effect of crust 
formation on dung deposition had been previously noted by Lovell & Jarvis (1996). Total 
percentage applied dung C incorporation for the top 5 cm of soil at t= 56 and t= 112 was 
calculated to be 8.2% and 7.4%, coinciding with a 2.5% and 2.8% increase in TOC, 
respectively, compared to the control plots. After t= 112, the amount of dung C and TOC 
declined in tandem providing evidence that incorporation of dung C caused the increase in 
C in the soil beneath the C4 dung treatments. There appeared to be a comparative delay in 
dung C incorporation into the I-5 cm horizon, which was also observed in the autumn 
experiment (Bol et al., 2000; Fig. 3.9). Total C was highest at t= 112 (4.5%), coinciding 
with maximum 6% applied dung C incorporation. This suggested that the amount of dung 
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Figure 3.10 Incorporation of dung-derived C (% of initial dung carbon) into the 0-1 cm 
and I-5 cm soil horizons from t=0 to 372 after dung deposition plotted against weekly 
mean rainfall to show significant rain event at t= 35 (from Dungait et al., 2005). 
3.7 Concluding remarks 
I. An intense precipitation event was the main driver of bulk dung C incorporation into 
temperate grassland surface soil, which had become physically protected by a surface crust 
during previous warm, dry weather. 
II. Minor differences were identified in the decomposition of C3 and C4 dung residues 
collected over one year in the field experiment. The fresh C3 and C4 dung differed visually 
and water content and C: N ratios varied between the two dung types. The bulk 813C values 
of C3 and C4 dung residues and treated soils provided evidence that the two dung types 
decomposed at slightly different rates, especially in the first stages of the experiment, 
presumably due to differences in abundance of soluble components that could be lost 
rapidly by leaching. Variability between C3 and C4 dung might be a consequence of 
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contrasting biochemical composition, and the following chapter (Chapter 4) describes the 
biochemical characterisation of the major organic components of the C3 and C4 dung 
utilised in the field experiment. 
II. Decay of dung and subsequent transport of biochemical components into, and within, 
the soil matrix is a consequence of their physicochemical properties. In soil, diverse 
organic compounds are presumed to decompose at relatively different rates and have 
different 813C values, i. e. `labile' 13C-enriched carbohydrates and `recalcitrant' 13C- 
depleted lipids and lignin. Thus, the depletion in bulk 513C values in the C4 dung treated 
soil may not have implied a loss of 13C labelled material per se from the system, but 
provided evidence for the loss of labile, relatively 13C enriched compounds from the dung 
material. For instance, bulk 813C determinations made early on in the experiment, when 
there was an abundance of labile 13C-enriched material, may have overestimated % applied 
dung incorporation, and vice versa later in the experiment. This uncertainty highlighted a 
requirement for compound-specific 13C isotope studies to establish the contribution of the 
major biochemical components to bulk 6'3C values, allowing a more accurate 
interpretation of dung C input to grassland C cycling to be determined. Chapters 5,6 and 7 
describe the application of compound-specific 13C isotope analyses to trace the movement 
of major individual dung-derived carbohydrate, lignin and lipid components into the top 
soil over 372 d, and reveal the contribution that each component made to changes in bulk 
6'3C values in Ca dung-treated soil. This work also provides an important general insight 
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Chapter 4 BIOCHEMICAL CHARACTERISATION AND COMPOUND- 
SPECIFIC STABLE 13C ISOTOPE ANALYSIS OF LOLIUM PERENNE (C3) AND 
ZEA MAYS (C4) SILAGES AND DUNGS 
4.1 Abstract 
Bulk S13C values for C3 and C4 dung treated plots provided evidence that the C3 and C4 
experimental dung pats had decomposed at slightly different rates, presumably due to 
differences in abundance of the diverse organic components of dung. This variability 
between the C3 and C4 dung might be a consequence of contrasting biochemical 
composition due to the characteristics of the plant species from which the dung was 
derived (C3 Lolium perenne and C4 Zea mays silages), which may have been further 
modified by ruminant digestion. Therefore, a detailed biochemical characterisation and 
compound-specific 13C isotope analysis of major organic compounds (carbohydrates, 
lignin and lipids) in C3 Lolium perenne and C4 Zea mays silages and dungs was undertaken 
to provide knowledge of any differential representation of biochemical components within 
the two dung types and the contribution of their individual 8'3C values to bulk 6'3C values. 
C4 dung and silage contained 10% and 15% more of the major xylose and glucose 
monosaccharides, respectively, derived from free sugars, and cellulose and hemicellulose, 
and considerably lower concentrations of epicuticular wax components. The relative 
abundance of lignin components between C3 and C4 silage and dung were similar. Stable 
C isotope analyses revealed that all of the organic components were universally C4- 
labelled except for VLCFAs, suggesting these lipids are sequestered in the rumen for 
longer than other components. Dung PLFAs indicated that viable bacteria from the hind 
gut were utilising a range of differentially 13C-labelled substrates to biosynthesise 
membrane phospholipids, but rumen bacteria were mainly utilising C from C4 silage. 
4.2 Introduction 
Manures have been used as soil improvers for millennia (McOmish, 1996; Simpson et al., 
1999; Bull et al., 2001) and are a ubiquitous feature of temperate grasslands. Perhaps 
surprisingly, then, biochemical parameters have rarely been used to characterise organic 
materials used as manures (Ayuso et al., 1996; Richardson, 2001 a). Cow dung is mainly 
water (Dickinson & Underhay, 1977), and the bulk of the solid matter is composed of 
partially degraded plant material (Jarvis et al., 1996). However, dung contains not only the 
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undigested diet but also metabolic products including bacteria and endogenous wastes 
(Fig. 1.6; Van Soest, 1994). Thus, dung is a complex mixture of a wide range of organic 
compounds of different stabilities from multiple sources, which have been more-or-less 
modified by rumination. The composition of cow dung is also influenced by palatability 
and nutritive status of feedstuff, and the health and condition of the animals. It seems 
inevitable, therefore, that dungs produced from digestion of C3 Lolium perenne (ryegrass) 
or C4 Zea mays (maize) plant matter will differ biochemically, and, therefore, in their rate 
of decomposition in the soil. 
Changes in bulk 813C values over one year in soil under C3 and C4 dung pats have been 
utilised previously to estimate gross incorporation of dung C into top soil over 70 and 150 
d in an experiment commencing in autumn (Bol et al., 2000; 2004a). This project used the 
same method to estimate bulk dung C incorporation over one year, after deposition in 
spring (Chapter 3). Both C3 and C4 dung were deposited onto the surface of a grassland 
soil and the A13C values of the treated soil were used to calculate bulk dung C 
incorporation over time. In order to calculate % dung C in soil, it was assumed that both 
C3 and C4 dung underwent the same transformation and transport processes (Bol et al., 
2000), so it was important to ascertain any differences between the dung types that might 
have influenced the rates of decomposition of the dung pats and the incorporation of dung 
C into the soil. Minor differences were identified in the decomposition of dung residues 
collected over 372 d in the field experiment. The dungs appeared to decompose at slightly 
different rates, especially earlier in the experiment and this might have affected the 
interpretation of bulk 813C values and dung C incorporation calculations based upon them. 
It was essential, therefore, to determine the 813C values of the contributing organic 
compounds to the bulk 8'3C value. The source of major variation was likely to be the 
cattle feed, which is modified by ruminant digestion before excretion in dung. The forages 
fed to two cows during the diet switch experiment were C3 Lolium perenne silage and C4 
Zea mays silage. 
4.2.1 Silage fermentation 
Silage is plant material that has undergone a controlled fermentation to preserve it for 
feeding to farm animals in the winter. The objectives of ensiling are to achieve prompt 
anaerobiosis by excluding oxygen and to encourage rapid multiplication of anaerobic 
microorganisms which ferment simple plant sugars to lactic acid, and thus decrease pH to 
about 4 (Orpin & Anderson, 1988; Van Soest, 1994). This process maintains the integrity 
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of the original forage composition as far as possible, although losses in DM average 
around 25% (Robinson, 1975). Fresh plant material may be wilted prior to ensiling to 
increase dry matter to above 20% (Robinson, 1975) to prevent the fermentation of proteins, 
but respiration in cut and drying forage may reduce water soluble carbohydrates 
considerably (Van Soest, 1994). 
During the process of ensiling, fresh plant material is packed into a silo or clamp, an 
enclosed area with a drainage channel at its centre to remove silage effluent, which 
probably contains a proportion of water soluble compounds. Alternatively, bales may be 
wrapped tightly in black plastic and left to mature in the field. There are four phases in the 
ensiling process (Oude Elferink et al., 2001): 
Phase 1 the aerobic phase lasts a few hours. Atmospheric oxygen is depleted by the 
respiration of the plant material and anaerobic and facultatively anaerobic 
microorganisms, and some sugars and protein are lost. The pH is 6.0 - 6.5. 
Phase 2 the fermentation phase starts when conditions become anaerobic and 
continues for up to several weeks. As fermentation proceeds, lactic acid 
bacteria become the dominant population of silage microbes and convert water 
soluble free and stored plant carbohydrates to lactic acid reducing the pH to 
3.8-5.0. 
Phase 3 the stable phase occurs when the lactic acid bacteria decrease in number due 
to the acidic conditions and the environment in the silage stabilises. 
Phase 4 the feedout, or aerobic spoilage, phase begins as soon as the silage is exposed 
to air. The preserved organic acids are degraded mainly by yeasts, causing a 
rise in pH, which allows the growth of aerobic microorganisms. 
Cellulose and lignin are resistant to fermentation, though strains of Lactobacillus sp. can 
decarboxylate hydroxycinnamic acids such as 4-hydroxy-3-methoxycinnamic acid (ferulic 
acid) and 4-hydroxycinnamic acid (p-coumaric acid) to 3-methoxy-4-hydroxystyrene (4- 
vinylguaiacol) and 4-hydroxystyrene (4-vinylphenol), respectively (van Beek & Priest, 
2000). The majority ofp-coumaric acid and ferulic acid is found on the periphery of the 
lignin macromolecule (Hatfield et al., 1999) and a small proportion has been shown to be 
to be freely soluble (Opsahl & Benner, 1995). Proteins, starch, pectin and hemicellulose 
may survive ensilage if Phase 2, the fermentation phase, progresses rapidly. Forage lipids 
are altered during anaerobic fermentation by hydrolysis and hydrogenation of unsaturated 
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bonds in the acid environment, with possible formation of polymeric resins that are 
indigestible (Van Soest, 1994). 
4.2.2 Rumination 
All mammals lack the capacity to degrade the structural polysaccharides that form the 
major proportion of cell walls of higher plants. Ruminants have evolved a complex 
stomach, most significantly the reticulo-rumen (rumen), where large amounts of ingested 
plant material are retained in contact with high concentrations of cellulolytic 
microorganisms (1011 viable cells ml's rumen liquor), before transfer through the omasum 
to the abomasums (or true stomach) where conventional mammalian digestion begins 
(Chesson, 1997). Table 4.1 shows the major trophic groups of rumen bacteria and their 
substrates (adapted from Van Soest, 1994). 
Table 4.1 Major trophic groups of rumen bacteria and their substrates (adapted from 
(Van Soest, 1994). 
Trophic group I Substrate 
Axb cn CA rb 
f5 7Q 
rr "' 0 
f5 " ä: °äx 
Structural carbohydrate fermenters     
Pectinolytic species    
Non-structural carbohydrate fermenters        
Lipolytic species     
Proteolytic species      
Organic acid fermenters      
Hydrogen utilisers  
The constancy of the rumen and the regular influx of highly fermentable feed favours 
active fermentation by a consortium of diverse microbial species involved in a syntrophy. 
Strictly anaerobic bacteria account for more than half the total biomass in the rumen, with 
the remainder comprising fungi and protozoa. The bacteria are largely responsible for the 
fermentative activity in the rumen. Some strains are limited in their spectrum of energy 
sources while others are more versatile. Microbes that utilise products of others as an 
energy resource may represent over 60% of total biomass (Van Soest, 1994). 
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4.2.2.1 Carbohydrates and rumination 
The ultimate success of the symbiotic relationship between the ruminant and anaerobic 
rumen microorganisms relies on the function of the consortium of microbes to reduce 
simple and complex polysaccharides to their component monosaccharides for fermentation 
to volatile fatty acids (VFA), e. g. acetate, propionate and n-butyrate. Forage comprises a 
variety of compounds that exhibit a range of digestibilities. Structural polysaccharides, 
such as cellulose and hemicellulose, are more resistant to digestion and require the activity 
of specific enzymes. The water soluble simple sugars of the cytoplasm and storage 
molecules, e. g. fructans in Lolium perenne and starch in Zea mays, are easily broken down 
to their component monomers, fructose and glucose, respectively. 
Cellulose constitutes around 45% of green plant tissue (Fig. 1.4) and its digestion is 
commonly regarded as the rumen's principal function (Maynard et al., 1979). Cellulose is 
a linear polymer glucan composed of ß(1-4)-linked D-glucose units (Fig. 5.2). Cellulolytic 
bacteria adhere themselves to fibres and produce cellulases that cleave the ß(1-4)-linkages, 
producing glucose monomers. The glucose is absorbed and fermented to VFA (Van Soest, 
1994; Fig. 4.1) that are used for biosynthesis of fatty acids, along with the carbon skeletons 










C6H12p6 + 2H20 -º 2C2H402 + 2CO2 + 8H 
propionate CsHý2ýs 
--ý 2C3H602 + 2[O] 
n-butyrate 
CsHýsOs -º C4H802 + 2C02 + 4H 
Figure 4.1 The fermentation of glucose to the principal volatile acids in rumen bacteria 
(after Van Soest, 1994). 
The non-cellulosic polysaccharides of plants differ from cellulose in their composition of 
monosaccharide units and lower degree of polymerisation (Kögel-Knabner, 2002). 
Hemicellulose is composed of mainly xylose and arabinose with minor amounts of 
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glucose, whereas pectins are mostly chains of galactose units and are the most soluble of 
the cell wall polysaccharides (Fig. 5.2). Hemicellulose is fermented by the same microbial 
species as cellulose, but pectin is not utilised by structural carbohydrate fermenters (Table 
4.1). Whatever their source, the monomers of all polysaccharides eventually undergo the 
same fate as glucose (Figure 4.1). 
4.2.2.1.1 Bovine volatile fatty acid metabolism 
The rumen epithelium has the capacity to metabolise VFA on absorption. A minor 
proportion of acetate is used as an energy source by the ruminal epithelium and muscle, 
but most enters the bloodstream, is phosphorylated to acetyl CoA and enters the TCA cycle 
(Fig. A1.3). Up to 50% of propionate is converted to lactate and pyruvate, and the 
remainder is largely removed from the blood by the liver where it is converted to glucose, 
forming the primary source of this monosaccharide for the ruminant. Up to 90% of n- 
butyrate is converted to ketone bodies in epithelial cells which are eventually metabolized 
as acetyl CoA (Maynard et al., 1979). 
4.2.2.2 Lignin and rumination 
Lignin is the overriding factor determining the digestibility of the cell wall component of 
forages. The majority of fine particles in faeces are lignin that has been repeatedly 
ruminated (Van Soest, 1994). Lignin is traditionally used as an inert marker to calculate 
cell wall digestibility based on the assumption that it is not degraded at all in the strongly 
anaerobic environment (Chesson, 1997). However, some minor modifications of the lignin 
polymer do occur. Solublisation of the carbohydrate component of ligno-cellulose 
structures may release low molecular weight phenolic fragments that are absorbed and lost 
in urine (Van Soest, 1994). There is also an apparent potential for the anaerobic cleavage 
of 0-0-4 (the most prevalent linkage in lignin) and a-0-4 arylether bonds, and Ca-Cß 
linkages by rumen microorganisms leading to the creation of a variety of phenolic 
molecules (Chen et al., 1985; Fig. 4.2). The decarboxylation of hydroxycinnamic acids is 
known to occur to a great extent in the rumen (Martin, 1982) presumably partly due to the 
activity of lactic acid bacteria as was previously described for silage fermentation (see 
Section 4.2.1; (van Beek & Priest, 2000). 
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Figure 4.2 Chemical structure of metabolites identified from the isolation of model lignin 
dimer veratrylglycerol-ß-guaiacyl ether with mixed rumen bacteria, showing probable 
degradation scheme. Key: 1.2-(o-methoxyphenol)ethanol; 2. guaiacoxyacetic acid; 3. 
vanillin; 4. vanillic acid; 5. phenoxyacetic acid; 6. guaiacol; 7. phenol (from Chen et al., 
1985). 
4.2.23 Lipids and rumination 
Like carbohydrates, lipids are also a diverse group of compounds with varying 
digestibility. Although some very long chain components of cuticular wax <C30 are at 
least partially metabolised (Van Soest, 1994; Brosh et al., 2003) they are largely 
indigestible and impede access to underlying tissue by rumen microorganisms (Chesson, 
1997; Yang & Palmquist, 1999). The phytosterols, sitosterol, campesterol, and 
stigmasterol, are transformed to their 5ß-stanol forms by microbial biohydrogenation of 
the As double bond (Eyssen et al., 1973; Evershed et al., 1997; Bull et al., 2002) and 
passed in faeces. 
Other lipids are extensively altered by rumen fermentation. Rumen microbes hydrolyse 
the ether linkage between the glycerol moiety and galactose of galactolipids, and the ester 
linkage between glycerol and fatty acids in triacylglycerols, phospholipids and 
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galactolipids. The glycerol and galactose are fermented to short chain VFA, yielding 
propionate as a major end product (Jenkins, 1992), which are either absorbed by the 
ruminant through the rumen epithelium, or metabolised by microorganisms. Anaerobic 
rumen organisms cannot derive energy from long chain fatty acids (LCFA) but may 
scavenge them for metabolic needs. Unsaturated fatty acids are hydrogenated to more 
saturated end products beginning with the isomerisation of cis to trans double bonds which 
are less toxic to rumen microbes (Jenkins, 1992; Fig. 4.3) and metabolised by certain 
bacterial strains. 




cis-9, cis-12, C18: 2 
+f 
isomerase 
cis-9, trans-11, C18: 2 
14 
reductase 
trans- 1 C18: 1 
4 reductase 
018: 0 
Figure 4.3 Key steps in the conversion of esterified plant lipid to saturated fatty acids by 
lipolysis [hydrolysis] and biohydrogenation in ruminal contents (from Jenkins, 1992). 
Rumen bacterial fatty acids are subsequently digested by the ruminant and metabolised to 
saturated animal fats. The carboxyl groups of any remaining free fatty acids in the rumen 
are neutralised to salts at the pH (ca. 6.0) of the rumen, pass into the hind stomachs and are 
absorbed by the ruminant in the small intestine. The utilisation of available dietary fatty 
acids <CIS: o is very efficient, and digestibility is reckoned to approach 100% so that none 
are likely to reach the faeces (Van Soest, 1994). Thus, the predominant source of LCFA 
(C12.20) and very long chain fatty acids (VLCFA; >C20) in dung should be elements of 
indigestible wax and endogenous waste. 
4.2.2.3.1 Bovine lipid metabolism 
In the small intestine, the free fatty acids, microbial phospholipids and dietary cholesterol 
form micelles under the influence of bile salts and phospholipids. These migrate to the 
microvilli of the intestine wall, where the lipids are released and absorbed into the mucosa. 
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The fatty acids are resynthesised into triglycerides and carried, with other lipids molecules, 
via the lymphatic system to the blood stream. Once in the blood, triacylglycerols are 
transported to the adipose tissue where they are hydrolysed into diacylglycerols and free 
fatty acids. The diacylglycerols are transported across the capillary wall where they are 
hydrolysed further then resynthesised into triacylglycerols for storage. The remaining 
lipids are transported the liver to be metabolised (Maynard et al., 1979). Dietary 
cholesterol is carried from the liver to peripheral tissues (Stryer, 1991). Free and microbial 
fatty acids are degraded by the sequential removal of two-carbon units during ß-oxidation, 
a four stage enzyme-mediated series of reactions that reduces fatty acids to a series of 
acetyl CoA molecules that are utilised in metabolism (Fig. 7.3). 
4.2.3 Composition of cow dung 
Although cow dung is widespread in agroecosystems, there is little detailed information on 
the composition of dung (Richardson, 2001a; Ayuso et al., 1996). A review of the 
literature with reference to the composition of cow dung is given in 1.6.2. The 
composition of cow dung is not predictable as it relies on the quality of the fodder from 
which it is derived, which is a product of the environmental conditions under which plants 
are grown (Bruinenberg et al., 2002; De Boever et al., 2004; Jensen et al., 2005), and is 
further influenced by the health and condition of the ruminant. 
The structural polymers of the plant cell wall contribute the largest proportion of plant- 
derived material in cow dung, but to date no chemical analyses have been applied to 
accurately quantify the contribution of the various molecular components. Forage fibre 
analyses of cow dung have indicated a dry matter `fibre' content of 47 - 68% which is the 
sum of cellulose, lignin and hemicellulose (Haynes & Williams, 1993). Bull et al. (1998) 
established that lipids in FYM were dominated by the 5ß-stanols and the C26 alkanol, with 
minor contributions from fatty acids, wax esters and alkanes. Patterns of faecal alkane 
abundance have also been used by (Berry et al., 2002) to estimate plant species 
consumption by cows. 
4.3 Aims and objectives 
In order to describe differences in chemical composition that may influence dung 
decomposition, a detailed biochemical characterisation and compound-specific 13C isotope 
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analysis of major organic compounds in C3 Lolium perenne and C4 Zea mays silages and 
dungs was undertaken to: 
1. Identify, quantify and determine the 613C values of the major organic components of 
C3 and C4 silages and dungs, and, thereby, assess their contribution to bulk 513C values. 
2. Explore the effect of rumination on the relative abundance and 813C values of major 
organic components of C3 and C4 silages. 
4.4 Diet switch study 
In this experiment, sufficient C3 and C4 labelled dungs for the incorporation field 
experiment were produced using a C3 to C4 diet switch. This method has been applied in a 
variety of trophic studies, and relies on the assumption that animals do not substantially 
alter the C isotopic composition of their food making it possible to assess the dependence 
of animals on isotopically distinct primary producers (Tieszen et al., 1979). The isotopic 
composition of the whole body of an animal is on average enriched in 813C by about 1916o 
relative to diet (DeNiro & Epstein, 1978). However, various body tissues have different 
813C values despite constant dietary 13C contents due to variable compound-specific 
isotopic fractionation effects and turnover rates. For example, fat tissue is more depleted 
in 13C than diet since lipid synthesis discriminates against 13C; moreover, it is also a 
metabolically active tissue that will rapidly reflect the 613C values of diet after a switch 
between isotopically distinct diets (Tieszen et al., 1983). Differences in the 6'3C values of 
milk and hair have been employed to speculate on the contribution of C3 and C4 pasture 
species to diet in tropical and temperate latitudes (Minson et al., 1975). 813C values of 
faeces and gut contents have been exploited to estimate the proportion of C3 and C4 species 
in digesta of dairy cows (Ludlow et al., 1976) and sheep, cattle, goats and rabbits (Jones et 
al., 1979), and the dependence of ungulates on C4 grasses or C3 woody plants in East 
African savanna (Tieszen et al., 1979). 
In our experiment, two cows had their diet switched from Lolium perenne (C3) to Zea mays 
(C4) silage to produce C3 and C4 dung for application to C3 grassland soil for the dung 
incorporation field experiment. Bol et al. (2000) had previously used a similar diet switch 
with beef steers to obtain dung for an incorporation experiment begun in autumn. 
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However, Bol et al. (2000) had not monitored the change in 813C values of the dung to 
ensure that full turnover to the Zea mays bulk 613C isotope value was achieved. Therefore, 
grab samples of dung were taken for 4d before the diet switch and then for one month at 
intervals after the diet switch Changes in bulk S13C values of the dung were monitored 
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I giQure 4.4 613C values of the dune from two cows switched from Lolium nerenne (Cz) 
silage (S13C = -30.1%o) to Zea mays (C4) silage (S13C = -11.6°%) for 27 d at IGER- 
Trawsgoed Research Farm, UK. Samples were taken 2&3d before and 3,6,10,14,17, 
20 & 27 d after the diet switch. 
The Lolium perenne (CO silage initially fed to the cows had a 613C value of -30.1°ß. o ±0.1 
and gave a dung 813C value of -31.3 ±0.1%o. The dung from both cows underwent a rapid 
change in carbon isotopic composition following the switch to Zea mays (C4) silage, 
though dung from cow 1 was around 4.5%o less enriched than that of cow 2 up to 10 d after 
the diet switch. After 27 d on the C4 silage diet (S13C = -11.6 ±0.1 %. o) the cows produced a 
13C-enriched dung (6'3C = -12.6 ±0.39, oo) giving a A'3C between C4 and C3 dung of 18.7 %o 
±0.2. There was no significant difference between the final 613C values of the two cows' 
dung (p = <0.062). The difference in the post-lactation condition of the cows versus beef 
steers used in the earlier experiment (Bol et al., 2000), plus the sterile collection of dung, 
i. e. without bedding, gave a ca. 3966o more 
13C-enriched dung from the C4 silage fed cows. 
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The dung from the respective cows showed a slight depletion in 13C of around Bo 
compared with the Lolium perenne (C3) or Zea mays (C4) silage bulk 813C values. This 
concurs with previous diet switch studies of Jones et al. (1979) who reported a 0.7%o 
depletion in bulk 813C values of dung from beef steers versus forage 22 d after a diet 
switch from C3 legume Stylosanthes humilis to two C4 grasses Heteropogon contortus and 
Bothriochloa decipens var. cloncurrensis, and Wilson et al. (1988) who observed a 2.29. o 
depletion in the bulk 813C value of faeces of lactating cows compared to whole diet 9d 
after a switch from a diet of C3 grasses Lolium perenne, Trifolium repens and Hordeum 
vulgare to a C4 Paspalum dilatatum and Zea mays diet. 
4.5 Characterisation of C3 and C4 silages and dungs 
The Lolium perenne (C3) and Zea mays (C4) silages fed to two cows to produce dung for 
the field experiment (see Section 2.5) differed in appearance. The C3 silage comprised 
whole grass leaves and seeds, whilst the C4 silage was chopped into even pieces about 1 
cm2 with hard fragments of kernel (which were later evident in the dung). The silages also 
differed in colour: the C3 silage was deep green and the C4 silage was pale yellow. 
Subsequently, the resulting C3 and C4 dungs appeared to differ in colour and texture (Fig. 
3.1) and it was proposed that these morphological differences may reflect variation in the 
biochemical compositions of the raw materials. Table 4.2 shows the water content (%) and 
bulk total C (%), 6'3C (%o), total N (%) and 815N (. o) values for the silages and dungs. All 
experimental details are given in Chapter 2. 
Table 4.2 Water content (%; n= 4) and bulk total C S13C (. o), total N (%) and 815N (°r o) values (n = 12) for C3 and C4 silages and dunus. 
H2O content (%) Total C (%) 5'3C (%) Total N (%) 815N (%) 
C3 silage 77.9 ±1.8 46.5 ±1.0 -30.1 ±0.1 2.1 ±0.1 8.1 ±0.9 
C4 silage 77.1 ±1.1 44.8 ±0.4 -11.6 ±0.1 1.4 ±0.1 5.3 ±1.4 
C3 dung 85.0 ±10.7 46.3 ±1.8 -31.3 ±0.1 2.6 ±0.2 10.7 ±0.4 
C4 dung 86.9 ±2.0 45.3 ±0.4 -12.6 ±0.3 1.7 ±0.2 7.5 ±1.4 
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i) Silage and dung H2O content (%) 
Both C3 and C4 silages had similar water content and were around 23% DM (Table 4.2). 
The dungs contained about 8% more water, but the consistency of the C3 dung was 
variable (a = ±10.7). There was no significant difference between the water content of the 
dungs (p = 0.333) 
ii) Silage and dung total values C (%) 
The amount of C in the dung did not differ from its source material (Table 4.2), suggesting 
that losses from metabolism were balanced by those from excretion, and there was no 
significant difference between total C of the dungs (p = 0.255). The nature of the 
compounds contributing to this balance is the subject of the major part of this chapter. 
iii) Silage and dung bulk 813C values (%o) 
Zea mays (C4) silage was 18.5%o enriched in 13C relative to the Lolium perenne (C3) silage, 
and this A13C value was the same between dungs (18.7%o), confirming that the duration of 
the diet switch was sufficient to attain full turnover to the Zea mays bulk 813C isotope 
value. There was an enrichment of 1 %"o in the bulk S13C value of each dung relative to 
their respective silage (Table 4.2), which was similar to that described in previous studies 
(Jones et al., 1979; Wilson et al., 1988; Sponheimer et al., 2003a). 
iv) Silage and dung total N values (%) 
The C3 silage contained one-third more total N than the C4 silage and this pattern was also 
expressed in the dungs (Table 4.2). The proportions of N in both dungs was about 20% 
greater than the silages, which was probably due to a large contribution from bacterial 
debris (Van Soest, 1994). The concentration of protein in the dung and silages was 
estimated using forage fibre analysis (see Section 4.4.1). 
v) Silage and dung bulk 6'5N values (%o) 
There was a similar enrichment of 2.59,6o between the silages and their respective dungs 
(Table 4.2), which is within the range reported in previous studies: the N isotope 
composition of herbivore faeces is consistently enriched in '5N compared to diet by 0.59% 
to 3%o (Sponheimer et al., 2003b). 
The stable C isotope values and, magnitude of variation of total C and total N contents 
between the silages and dungs remained constant, even after rumination. As expected the 
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813C values reflected the C3 or C4 photosynthetic pathway of the Lolium perenne or Zea 
mays silages, respectively. There were also significant differences between total N and 
815N of the C3 and C4 silages (p = 0.000) that were passed onto their respective dungs (p = 
0.001). 
4.5.1 Forage fibre analysis of C3 and C4 silages and dung 
Forage fibre analysis was used to determine the approximate differences between the 
composition of the C3 and C4 silages fed to the cows during the diet switch and their dung 
(see Section 4.4). Samples of C3 and C4 silages were subjected to the experimental 
treatments detailed in Section 2.6. Hemicellulose, cellulose and lignin were determined by 
amylase neutral detergent fibre (aNDF) treatment, cellulose and lignin by acid detergent 
fibre (ADF) treatment, and lignin was isolated by a strong acid hydrolysis of ADF treated 
material (acid detergent lignin, or ADL). Therefore, hemicelluose and cellulose as % DM 
were calculated by subtraction. 
Table 4.3 shows that cellulose was the major component of both silages, but the C3 silage 
contained 9% more hemicellulose but 7% less cellulose thanC3 silage. C3 dung contained 
significantly more `fat' than C4 dung (p = 0.018), although the overall amount in either 
dung was negligible compared with the polysaccharide components. 
Table 43 Results (n = 3) of forage fibre analysis of C3 and C4 silage and dung showing 
lignin, hemicellulose, cellulose, crude protein and total fat components (g g" DW). 
Hemicellulose Cellulose Lignin Crude Protein Total fat 
(g g') 
C3 silage 0.10 ±0.02 0.35 ±0.05 0.02 ±0.01 0.13 ±0.01 0.03 ±0.00 
C4 silage 0.20 ±0.01 0.28 ±0.04 0.02 ±0.00 0.08 ±0.00 0.02 ±0.00 
C3 dung 0.18 ±0.02 0.23 ±0.01 0.07 ±0.04 0.12 ±0.03 0.05 ±0.03 
C4 dung 0.29 ±0.01 0.30 ±0.02 0.07 ±0.01 0.13 ±0.02 0.03 ±0.01 
C3 silage contained 5% more crude protein than C4 silage, which correlated with the 
enhanced TON in C3 silage determined by CF-IRMS (Table 4.2), though this difference 
was not found to be significant (p = 0.156). High levels of protein in forage changes the 
rumen microbial population and promotes the amount of dietary `fibre' that is digested 
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(Robinson, 1975; Beever, 1976). Inorganic N is often added to corn (Zea mays) silage to 
preserve the relatively low levels of protein during ensilation by providing a more 
available source of N for lactic acid bacteria (Tejada et al., 1979). 
The Feeds Directory (Ewing, 1998) is a popular agricultural reference that gives results of 
forage fibre analyses to assess digestibility of a variety of common animal feeds, but does 
not give an ADL value so the amount of cellulose cannot be calculated. NDF, ADF, crude 
protein and total fats (% DM) for `grass silage' and `maize silage' are reported as 54 and 
55%, 36 and 30%, 14 and 9% and 6 and 6.5%, respectively. The Zea mays silage used in 
this experiment exhibited very similar values to the published data, although both silages 
contained about 5% less NDF, and the both silages had up to 50% less total fat. As 
nothing is known about the total species contribution to either the experimental C3 silage 
or the reported grass silage, much less the condition and growth phase of the plants 
involved, it was impossible to pinpoint the source of variation between the silages. This 
highlights another source of unpredictability that might contribute to differences between 
dungs and their rates of decomposition. 
The proportion of cellulose by DW was reduced by 33% in the C3 dung compared with the 
silage, but did not change significantly between C4 silage and dung (Table 4.3). The 
percentage of hemicellulose increased by 44% and 31% in the C3 and C4 dungs, 
respectively, and there was significantly more hemicelluose in the C4 dung (p = 0.000). 
Hemicellulose is presumed to be more easily digested in the rumen than cellulose; 
however, it might be physically protected by its close association with lignin. Lignin is 
practically indigestible (Kondo et al., 1998), so the comparatively large increase (x 3.5) in 
both dungs was expected. There was also an increase in the concentration of lipid in the 
dung presumably due to the contribution of endogenous sources as well as plant-derived 
components. The increase in the fraction of protein in the dung may also indicate 
increased input of endogenous and microbial matter. 
Forage fibre analysis is unable to absolutely quantify cellulose and hemicellulose because 
soluble carbohydrates are not recovered. As Reeves & Francis (1997) point out, while 
carbohydrates, protein and lignin make up the majority of the DM of forages and by- 
products, these materials also contain all of the other biological materials found in any 
plant material. In addition, some components are water-soluble, e. g. non-lignified 
hemicellulose (Van Soest, 1994), which implies that this fraction may be underrepresented. 
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Therefore, estimates of the concentrations of the various components determined using 
these methods should be viewed with caution, especially as soluble forms are not 
recovered in the detergent fractions. Indeed, Kögel-Knabner (2002) describes the use of 
proximate fractions for investigating compounds in SOM as loaded with analytical 
problems. Ironically, forage fibre analysis has been used previously to prepare 
hemicellulose, cellulose, lignin (Benner et al., 1987; Mary et al., 1992; Schweizer et al., 
1999) and protein fractions (Fernandez et al., 2003) for subsequent stable C isotope 
analysis. All of the cited work attempted to investigate the subtle fractionations occurring 
during OM decomposition, and stressed the importance of understanding differential 
recalcitrance and stable C isotopic variance within OM. Unfortunately, the work was 
based on ill-defined chemical mixtures. Therefore, in order to accurately quantify and 
determine S13C values of organic compounds, extractive chemical procedures were 
employed herein to determine uncontaminated compound-specific S13C values for the 
major constituents of silage and dung. 
4.5.2 Carbohydrate analysis of C3 and C4 dung and silages 
Quantification of total carbohydrates was performed by extraction of monosaccharides 
using acid hydrolysis, with derivatisation to their alditol acetate forms. The full method 
for carbohydrate analysis is given in Section 2.7. Partial gas chromatograms of silage and 
dung carbohydrates are shown in Figure 4.5. 
Figure 4.6 shows there were significant differences in the abundances of monosaccharides 
extracted from the C3 and C4 silages. There appeared to be a greater abundance of all five 
of the monosaccharides in C4 silage, including ca. 0.1 g g"1 more xylose and 0.15 gg1 
more glucose in the C4 silage. It was also clear that xylose was present in a similar 
concentration to glucose. Very high levels of xylose versus other monosaccharide 
components in grass were reported by Nierop et al. (2001a). Arabinose, mannose and 
galactose all showed a reduction in concentration (g g'1 DW) in dung compared to silage, 
indicating that they had been digested. Mannose, which was in low abundance in the 
forage, was undetectable in both dungs. Arabinose and galactose were <50% reduced in 
concentration. However, the concentrations of xylose and glucose in the dungs were not 
noticeably different from that of the silages. In fact, there appeared to have been a slight 
increase in xylose in both dungs, and glucose in the C3 dung compared with silage. 
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Figure 4.5 Partial gas chromatograms of carbohydrates derivatised to their respective 
alditol acetates extracted from previously lipid-extracted C4 and C3 silage and dung from a 
C3: C4 diet switch. i. s. = pentaerythritol. 
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Figure 4.6 x (n = 3) relative abundance distributions of carbohydrates (g g' DM) 
derivatised to their respective alditol acetates extracted from lipid-extracted C3 and C4 
silage and dung. 
Assuming the majority of glucose is derived from cellulose, and the majority of xylose and 
arabinose from hemicellulose, on ag g"' DW basis forage fibre analyses (Table 4.3) 
differed from GC quantification for hemicellulose by up to 40% and up to 11% for 
cellulose. It was, therefore assumed that some of the greater abundance calculated using 
GC quantification was due to soluble compounds, such as starch, fructans and simple 
sugars, in the total carbohydrate extract that were lost in the detergent solutions. To 
investigate the physical nature of these compounds, a modified cold water extraction of C3 
and C4 dung (Sun et al., 1999) revealed that 19% xylose and 29% glucose in the C4 dung 
and 42% xylose and 50% glucose in C3 dung were soluble in cold water (Fig. 4.7). These 
data were the result of the analysis of only one representative sample of each dung type, 
but would appear to corroborate assumptions that C3 dung contains more soluble material 
than C4, observed as a rapid loss of dung pat dry weight at the beginning of the field 
experiment (Fig. 3.2). This information might prove significant for this study as non- 
structural sugars are known to be up to 4%. o enriched in 13C compared with structural 
polysaccharides (Gleixner et al., 1993). 
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Figure 4.7 Carbohydrates as % DM lost during cold water extraction of C3 and C4 dungs. 
An additional source of carbohydrate in the dung may have been the by-products of 
digestion of gut microbes. Carbohydrates form only 3% of the cell weight of bacteria 
(Nester et al., 1983) but bacterial waste may form up to 40% of dung (Van Soest, 1994). 
The amino sugars in the peptidoglycan of the bacterial cell wall are chemically related to 
glucose (Fig. 4.8) and could constitute a proportion of the labile sugars; their structure after 
acid hydrolysis and preparation as alditol acetates (see Section 2.7) is not known. The 
amino component of these compounds will count towards the large concentration of crude 
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4.5.2.1 Compound-specific S13C analysis of C3 and C4 silage and dung carbohydrates 
The alditol acetates of extracted carbohydrates from silage and dung were analysed using 
GC-C-IRMS (Fig. 4.9). The carbohydrates extracted from the C3 and C4 silages and dungs 
displayed S13C values within the range of isotopic values characteristic of OM derived 
from C3 or C4 plants, both displaying higher 813C values compared with bulk S13C values 
which is widely reported in the literature (Boutton, 1991b; Schweizer et al., 1999; Figs. 
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Figure 4.9 The m/z 44 ion current (below) and instantaneous ratio of m/z 45/44 ions 
(above) recorded for the monosaccharides extracted from C4 dung derived from Zea mays 
silage. 
4.5.2.1.1 Compound-specific 813C values of C3 and C4 silage carbohydrates 
In the silages, the A13C values between C3 and C4 derived arabinose, xylose, mannose and 
glucose were similar (18%o), with the exception of galactose which was only 149/00 
enriched (Fig. 4.10) but only constitutes I- 2% of either silage type (Fig. 4.6). Glucose 
was always the most 13C-enriched monosaccharide (C3 silage, 6'3C = -23.1%o', C4 silage, 
97 
Chanter 4 Biochemical characterisation of silage & dune 
813C = -5.396o) in the silages. Xylose (613C = -28.3 ±0.1°ß. o) was the most 
13C-depleted 
monosaccharide in C3 silage, and galactose (613C = -12.8 f0.2%o) was the most 
13C- 
depleted in C4 silage. Compared to 'whole' silage, the individual carbohydrates ranged 
from A13C +2 to 7960 in C3 silage and -1 to +6%o in C4 silage. 
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Figure 4.10 & 3C values (n = 2) plotted for arabinose, xylose, mannose, galactose and 
glucose extracted from lipid-extracted C3 (") and C4 (0) silage as their respective alditol 
acetates, showing A13C values between similar compounds, and 6'3C values (a) from fresh 
Lolium perenne (data from Docherty, 2002) with whole C3 (- - -) and C4 (- - -) silage bulk 
813C values. 
Docherty (2002) extracted individual carbohydrates from a range of eight grass species, 
including Lolium perenne (the predominant species in the C3 silage) and found that the 
pattern of enrichment was arabinose<xylose<mannose<galactose<glucose. Fresh material 
from which the experimental silages were made was unobtainable, so data from Docherty 
(2002) for Lolium perenne was been used for comparison with the C3 silage. The A13C 
values between fresh Lolium perenne and C3 silage for arabinose, xylose, mannose, 
galactose and glucose were -1.0%o, +0.1 %o, -2.1 %o, +2.2 %o and +6.29% This may imply 
that silage fermentation had affected the 813C values of carbohydrates in fresh plant 
material, but this supposition relies on the chance that similar 613C values were expressed 
in the carbohydrates of the Lolium perenne analysed by Docherty (2002) and that used to 
produce the experimental C3 silage. 
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4.5.2.1.2 Compound-specific 813C values of C3 and C4 dung carbohydrates 
Figure 4.11 shows the 613C and A13C values for carbohydrates extracted from C3 and C4 
dung, plotted with their respective silage values. Glucose, arabinose, xylose and mannose 
(silages only) monosaccharides were more enriched than bulk 813C values by 2- 8°ß. o in 
both C3 and C4 dungs and silage. There was variability between 6'3C values of individual 
monosaccharides and the pattern of 13C-enrichment was 
glucose<(mannose)<arabinose<xylose. 
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Figure 4.11 613C values plotted for arabinose, xylose, galactose and glucose extracted 
from lipid-extracted C3 (") and C4 ( ) dung as their respective alditol acetates, showing 
A13C values between similar compounds, and 813C values from C3 (0) and C4 (Q) silage 
with whole C3 (- - -) and C4 (- - -) dung bulk 613C values. 
The A' 3C values for the arabinose, xylose and glucose were around 18 - 19 %. o, showing that 
the duration of the diet switch was sufficient for turnover of C4 dung carbohydrates to 
reflect the bulk A' 3C of 18.7960 between C3 and C4 dungs. Evidence was also provided by 
the similarity between 813C values of arabinose, xylose and glucose in dungs and their 
respective silages and implied that there had been no major fractionation against '3C during 
rumination; this agrees with the assumption of Tieszen et al. (1983) that animals do not 
substantially alter the C isotopic composition of their food. However, galactose displayed 
a 9%0 13C-enrichment in the C3 dung relative to the silage. The comparatively large ß 
displayed by the error bars in Figure 4.11 for galactose extracted from both C3 and C4 dung 
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was evidence for the diverse provenance of this minor sugar. Dung galactose may be 
derived from forage pectin and galactolipids, galactomannan in bacterial cell walls, or 
from the hydrolysis of metabolic lactose in the recently lactating cows. Keppler et al. 
(2004) determined 513C values of -40.5%o for methoxyl groups of maize pectin. This 
suspected multifarious origin suggests opportunities for C isotope mixing during 
mammalian or bacterial metabolism to produce relatively depleted 813C values. 
4.5.2.2 Summary: Carbohydrate analysis of C3 and C4 dung and silages 
I. Forage fibre analysis estimated that cellulose and hemicellulose were the major 
organic fractions of C3 and C4 silage and dung forming ca. 50% DM. GC quantification 
determined that the major monosaccharide components, glucose and xylose, were the most 
abundant sugars in acid hydrolysates of silage and dung, and that the abundance of these 
monosaccharides was greater when measured via GC due to the inclusion of soluble forms 
that are not measured in forage fibre analysis: xylose and glucose contributed <80 % of 
total DW. 
II. There were differences in the concentrations and distributions of monosaccharides 
between C3 and C4 silages and dungs. A higher abundance of sugars, especially glucose 
and xylose, was determined in the C4 dung, but the C3 dung contained more cold water 
soluble forms which would have a greater tendency for leaching into soil after deposition. 
Mannose was not detectable in the dungs, and galactose contributed a minor concentration 
to both silage and dung. 
III. Glucose, arabinose, xylose and mannose monosaccharides were more 13C-enriched 
relative to silage and dung bulk 513C values by 2-8 /oo, and there was variability between 
&3C values of individual monosaccharides. The 813C values in dung were similar to those 
in the silage and individual A13C values were similar to the bulk A13C value (ca. 19966o) 
between dung and silage. The pattern of enrichment in the three main monosaccharides 
was glucose<arabinose<xylose. Galactose had a wide range of values, presumably due to 
its diverse sources. 
4.5.3 Off-line pyrolysis of C3 and C4 dungs and silages for lignin analysis 
Lignin is present in much lower abundances in dung than other plant cell wall compounds 
(Table 4.3) but it is a very recalcitrant compound, believed to contribute a significant 
proportion of the mass of humified matter in soil that constitutes the most stable C pool. 
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The biochemistry of lignin will be discussed further in Chapter 6. An off-line pyrolysis 
technique (after Poole, 2002a; 2004) was applied to the analysis of the polyphenolic 
compounds in silage and subsequent dungs to obtain sufficient material for compound- 
specific IRMS (see Section 2.8 for method). 
The chromatograms in Figure 4.12 show that the pyrolysates of silage and dung yielded 
complex mixtures of lignin, chlorophyll and polysaccharide products. The various 
components were identified based on their mass spectra. Overall, it appeared that the 
relative abundance of lignin products was similar for silages and dungs. There seemed to 
be a slight increase in the relative abundance of some lignin products in dung, e. g. 4- 
vinylguaiacol, 4-vinylsyringol, 4-(2-Z-propenyl)syringol and 4-(2-E-propenyl)syringol. 
This was in line with the findings of forage fibre analysis that indicated a ca. 5% increase 
in dung lignin after rumination of either silage (see Table 4.3). Lignin degradation is 
generally described as an oxidative process exclusive to obligate aerobes such as white rot 
fungi (Malherbe & Cloete, 2002). However, soluble lignin fragments are released from 
plant tissue in the rumen and then excreted in faeces after degradation of the carbohydrate 
portion of lignin-carbohydrate complexes (Kondo et al., 1998) by anaerobic rumen fungal 
species, such as Neocallimastix frontalis (Pearce & Beauchop, 1985). Rumen cellulolytic 
bacteria are able to hydrogenate the alkyl side-chain of phenols, though this activity is 
more significant in removing steric constraints to further release of carbohydrates (Chesson 
et al., 1999). Syntrophococcus sucromutans and Eubacterium oxidoreducens are strictly 
anaerobic chemoorganotrophs isolated from the rumen which have the ability to cleave the 
methyl-ether linkages of lignin phenols (Berry et al., 1987), and decarboxylation of 
hydroxycinnamic acids is also known under anaerobic conditions (Martin, 1982). 
Nevertheless, rumen lignolytic activity is very limited in comparison with the digestion of 
cellulose. Therefore, the proportion of lignin relative to other plant-derived compounds in 
the dung which are digested during rumination would be expected to increase. 
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Figure 4.12 Partial TIC chromatograms of pyrolysate from C4 and C3 dung and silages 
as their respective TMS ethers or esters. OA = organic acid. 
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Table 4.4 The M+' and characteristic MS fragmentation of TMS derivatives for the main 
pyrolysis products of C3 and C4 silages and dungs products with relative abundance (%) in 
brackets. 
M^ I Diagnostic fragment ions Compound 
192 177 (100), 192 (80) 4-vinylphenol 
254 239 (20), 254 (10) Catechol 
226 196 (100), 211 (40), 226 (30) Syringol 
224 194 (40), 246 (25) 4-ethylguaiacol 
268 268 (20), 253 (5) 3-methylcatechol 
268 26 (15), 253 (7) 4-methylcatechol 
254 239 (100), 254 (80) 4-ethylsyringol ? 
222 192 (100), 222 (40) 4-vinylguaiacol 
296 143 (100) (E)-phytol 
240 210 (100), 240 (35) 4-methylsyringol 
284 269 (32), 284 (35) 3-methoxycatechol 
224 194 (100), 209 (60), 224 (40) 4-formylguaiacol 
296 143 (100) Isophytol 
342 239 (80), 342 (40) 1,2,3-trihydroxybenzene 
236 206 (100), 236 (40) 4-(2-E-propenyl)guaiacol 
252 222 (100), 252 (40) 4-vinylsyringol 
238 223 (65), 193 (60), 208 (40) 4-acetylguaiacol 
266 236 (70), 266 (40) 4-(1-propenyl)syringol 
252 209 (90), 252 (20) 4-(2-propanone)guaiacol 
342 239 (60), 342 (50) isol, 2,3-trihydroxybenzene 
266 206 (70), 236 (50) 4-(2-Z-propenyl)syringol 
254 224 (100), 239 (40) 4-formylsyringol 
378 217 (100), 204 (20) Levogalactosan ? 
378 204 (40), 217 (35) Levomannosan? 
266 236 (100), 266 (60) 4-(2-E-propenyl)syringol 
378 204 (60), 217 (50) Levoglucosan 
268 223 (80), 238 (70), 253 (65) 4-acetylsyringol 
The silages also had a high abundance of compounds which appear to be organic acids 
with characteristic fragments at m/z 73,117,129,147,233, eluting between 29 and 32 min, 
though these compounds were not abundant in the TLEs indicating their provenance as 
products of pyrolysis. These compounds were reduced in abundance in the dung, 
suggesting their source molecules were degraded during rumination. 
453.1 Compound-specific 813C analysis of C3 and C4 silage and dung pyrolysate 
The chromatograms of pyrolysis products in Figure 4.12 show a complex mixture of 
compounds. The quality of chromatography was compromised by the complexity of the 
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pyrolysate but a limited number of compounds had good baseline resolution and could be 
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Figure 4.13 The m/z 44 ion current (above) and instantaneous ratio of m/z 45/44 ions 
(below) recorded for the off-line pyrolysate of lipid-extracted C4 dung derived from Zea 
mays silage showing base-line resolved pyrolysis products. 
4.5.3.1.1 Carbon isotope analysis of C3 and C4 dung off-line pyrolysis products 
The S13C values for four lignin-derived pyrolysis products, 4-vinylphenol, 4-vinylguaiacol, 
4-vinylsyringol and 4-acetylsyringol, extracted from C3 and C4 dung are plotted in Figure 
4.14. The S13C values of the monolignols were similar to, or slightly depleted by up to 
3 /oo, compared to, bulk S13C values. Plant tissues are generally described as yielding lignin 
products that are 2- 7%o depleted in 
13C compared with whole tissue (Boutton, 1991b; 
Gofii & Eglinton, 1996; Schweizer et al., 1999; Kracht & Gleixner, 2000; Yeh & Wang, 
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2001; Poole & van Bergen., 2002a; 2004). The A13C values between C3 and C4 dung 
pyrolysis products 4-vinylphenol, 4-vinylguaiacol and 4-acetylsyringol of 18 - 20%o were 
similar to the A' 3C values for carbohydrates (Fig. 4.11) showing that the duration of the 
diet switch was sufficient for turnover of C4 dung lignin to reflect the bulk A13C value of 
18.7°% between C3 and C4 dungs. The error bars (n = 5) indicate the acceptable 
reproducibility of the isotope results obtained for the lignin products. 
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Figure 4.14 S13C (n = 5) values of 4-VP (4-vinylphenol), 4-VG (4-vinylguaiacol), 4- 
VS (4-vinylsyringol) and 4-AS (4-acetylsyringol) extracted from lipid-extracted C3 dung 
("), C4 dung (m)and C4 silage (o) as their TMS ethers, showing A13C between similar 
compounds, with whole C3 (- - -) and C4 (- - -) dung bulk 613C values. 
4-vinylphenol, 4-vinylsyringol, 4-vinylguaiacol and 4-acetylsyringol in the C3 dung were I 
- 3%o depleted in 
'3C relative to bulk C3 dung (Fig. 4.14) in accordance with reported 
values (see above). 4-vinylphenol, 4-vinylsyringol and 4-acetylsyringol displayed a 
similar pattern of 13C-depletion in the C4 dung but 4-vinylguaiacol was 2%o enriched 
compared with bulk C4 dung. Although lignin products are commonly reported as 
depleted in 13C compared with bulk plant tissue (Kracht & Gleixner, 2000) determined up 
to 5%o enrichment compared with bulk values in lignin pyrolysates of peat. Differences in 
613C values between compounds may be ascribed to their different biosynthetic origin, and 
the significant difference in the pattern of 
13C-enrichment 
of 4-vinylguaiacol in the C3 and 
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C4 dungs may have been due to metabolic differences between Lolium perenne and Zea 
mays, the plant species from which the precursor silages were formed. For example, it is 
well documented that grasses incorporate tyrosine into lignin as well as phenylalanine, so 
differences between the &3C values of the two amino acids may account for observed 
differences in 6'3C values of lignin-derivatives. 4-vinylguaiacol is the decarboxylation 
product of hydroxycinnamic acid ferulate (Fig. 5.15) whose direct incorporation into 
growing tissue would presumably lower the extent of 13C discrimination producing 13C- 
enriched values (Gor i& Eglinton, 1996). Meinschen et al. (1974) demonstrated an 18%o 
variation in the intramolecular C isotope composition of 13C-depleted methyl and 13C- 
enriched carboxyl groups of acetic acid, an important precursor molecule (as acetyl CoA) 
in biosynthesis (which translates to a much smaller A value in the lignin molecule). 
Galimov (1985) calculated a 2%o difference between wheat vanillin (4-formylguaiacol) and 
its component methoxyl group. These observations would seem to be in accordance with 
the trends observed for C4 dung, as the syringol compounds with two methoxyl groups 
were more depleted in 13C than 4-vinylguaiacol with one methoxyl group. Keppler et al. 
(2004) found that methoxyl groups from lignin have C isotope signatures exceptionally 
depleted in 13C, e. g. maize lignin = -47.3 6o). In addition, Poole & Van Bergen (2004) 
reported compounds with a (3 carbon were more depleted in 13C, and observed 7%o 
difference between compounds with acetyl and formyl groups. Figure 4.14 shows a 
coincident depletion in the 4-acetylsyringol from both C3 and C4 silages and dungs. 
4-vinylphenol, 4-vinylguaiacol and 4-vinylsyringol from the C4 dungs were all 
significantly depleted in 13C (up to 7%o) compared with C4 silage, whilst 4-acetylsyringol 
in the dung was slightly enriched (Fig. 4.14). As the bulk 613C value of the silage was only 
lo more enriched than the dung, this suggests that either the processes of ensiling or 
rumination had influenced the 813C values, or that there may be a range of sources of 
pyrolysate products with different 813C values. For instance hydroxycinnamic acids such 
asp-coumaric acid, the characteristic component of graminaceous lignin, are found as low- 
molecular weight, water soluble compounds in the cytosol, as lipid-soluble forms 
associated with waxes at the plant surface and as bound forms esterified or ether-linked to 
cell wall polymers (Chesson et at., 1999). Soluble forms of lignin are likely to be 
relatively 13C-enriched compared to structural forms sensu carbohydrates (Gleixner et al., 
1993). Strains of Lactobacillus sp., found in high abundance in silage (Van Soest, 1994), 
produce an enzyme that decarboxylates substituted hydroxycinnamic acids to the phenols, 
4-vinylguaiacol and 4-vinyiphenol (van Beek & Priest, 2000). Thus, the presence of 
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cytosolic hydroxycinnamic acids in silage may afford higher 813C values for silage 
pyrolysate products 4-vinylphenol and 4-vinylguaiacol. 
The depleted 813C values of lignin-derived components of the dung may also be enhanced 
by the loss of 13C-enriched forms of lignin during rumination. As in silage, 
decarboxylation of hydroxycinnamic acids occurs to a significant extent in the rumen (Fig. 
4.15), and has been proven to be the major source of the predominant aromatic acid 3- 
phenylpropionic acid in rumen liquor (rather than deriving from the deamination of amino 
acids as was previously thought; Martin, 1982). Water-soluble, perhaps 13C-enriched, p- 
coumarate and ferulate and their decarboxylation products, 4-vinylphenol and 4- 
vinylguaicol, in the silage fodder would be more available for dehydroxylation to 3- 
phenylpropionic acid (Chesson et al., 1999) leaving the more 13C-depleted 
hydroxycinnamic acids bound to core lignin for excretion as dung. Syringic acid has been 
shown to be completely degraded under anoxic conditions by consortia of acetogenic and 
fermentative bacteria (Phelps & Young, 1997), and the similar degree of 13C-enrichment 
observed for 4-vinylsyringol in the C4 silage might indicate that decarboxylation of 
syringic acid also occurs in the rumen. 
p-coumuk acid 4-vinyiphenol 3-phenyipropanoic acid 
OH OH OH 
OH 
p 
C02 H'O HZO 
or, 
OO \O 
Figure 4.15 Pathway for the biotransformation of hydroxycinnamic acids and 
microbial metabolism of phenylpropanoic acids in the rumen (van Beek & Priest, 2000; 
Chesson et al., 1999). 
4.5.3.1.2 Carbon isotope analysis of pyrolysis products with multiple hydroxyl 
functionalities. 
Figure 4.13 shows that other pyrolysis products, such as catechol and 3-methoxycatechol, 
were sufficiently base-line resolved for determination of S13C values by GC-C-IRMS. 
However, correction of S13C values for addition of TMS carbon using Equation 2.7 gave 
values that seemed too enriched in 13C, yielding positive S13C values for compounds with 
more than one hydroxyl group, i. e. catechol, 3-methoxycatechol and the anhydrosugar 
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levoglucosan (the thermal degradation product of glucose; Fig. 4.16). It has been 
suggested that the conversion of guaiacols to catechols by demethylation of the methoxyl 
group leads more enriched catechols (Poole & van Bergen, 2002a; 2004) but catechol (that 
has two hydroxyl groups) displayed positive S13C values in the C4 silage (+3.62%o) and - 
2%o in the C4 dung when corrected for the addition of six TMS carbons. Comparison of 
the fragmentation ions nilz 254,239 with an underivatised version m/z 110,92,64 (Ralph 
& Hatfield, 1991; Stankiewicz et al., 1997) revealed that the molecular ion of catechol was 
indeed derivatised with two TMS groups. Similarly, values for 3-methoxycatechol were 
also anomalous. Consequently, these two chromatographically well-resolved compounds 
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Figure 4.16 Thermal degradation of glucose to levoglucosan (1,6-anhydroglucosan) 
(Browne, 1958). 
Levogluoscan has three hydroxyl groups available for trimethylsilylation (Fig 4.16); thus, 
the 6'3C value of the underivatised compound was determined by correcting for the 
addition of three TMS groups, or nine additional carbons using Equation 2.7. The 
corresponding molecular ion (M+) of 378 (= MW 162 + (3 x TMS)) was observed in the 
GC-MS analysis of levoglucosan in all of the off-line pyrolysates. It is logical that 
levoglucosan, as the primary pyrolysis product of cellulose, should have a 813C value 
similar to the value measured for glucose extracted using acid hydrolysis (see Section 
4.5.2.1). However, Table 4.5 shows a difference between the S13C value of the alditol 
acetate and the TMS ether of levoglucosan corrected using the addition of nine TMS 
carbons. Because of the discrepancy between the 813C values of glucose obtained by the 
two different methods, it was assumed that full trimethylsylation was not achieved using 
BSTFA (Poole & van Bergen 2002a). The S13C values of levoglucosan corrected for six 
TMS gave more reasonable S13C values compared to the values obtained for the alditol 
acetate, suggesting that incomplete derivatisation had occurred. This assumption is 
supported by findings of Derrien et al. (2003) who reported that standard monosaccharides 
108 
1,2-anhydroglucosan 
Chapter 4 Biochemical characterisation ofsilaee & dune 
derivatised with TMS appeared to be partially underivatised by one TMS group. The 
incomplete derivatisation of the levoglucosan molecule may be due to steric hindrance 
arising from crowding between the three hydroxyl groups. This effect has also been 
reported in previous work on lignin compounds as CuO oxidation products (Goni & 
Eglinton, 1996). 
Table 4.5 S13C values (%o) for levoglucosan from pyrolysates of C3 and C4 silage and 
dung corrected for addition of 6 or 9 TMS C compared with the corrected 6'3C values of 
the aldtol acetates of glucose obtained by acid hydroysis. 
s13C %o 
Glucose Levoglucosan 
Sample Alditol acetate Corrected for Corrected for 
(corrected) 9 TMS C 6 TMS C 
C3 silage -23.1 -20.1 -26.7 
C4 silage -5.3 -0.1 -7.2 
C3 dung -22.6 -24.0 -23.6 
C4 dung -4.1 0.3 -7.6 
Because of the discrepancy between the 813C values of glucose from the two different 
derivatisation methods, it was assumed that the use of BSTFA (Poole & van Bergen, 
2002a) had not been wholly successful. Evidence of this effect would not have been 
obvious in the previous application of this off-line pyrolysis to C3 materials, that were also 
altered by mummification and permineralisation, and, therefore, not directly comparable to 
fresh material (Poole & van Bergen, 2002a; 2004). However, Poole & van Bergen (2004) 
reported a maximum A13C of 11.7%o, between a bulk 813C measurement of -30.8 /oo and an 
individual 813C value for levoglucosan of -19.1 9/oo in C3 mummified wood. Although these 
measurements appear reasonable in C3 materials, a similar A13C value between C4 Zea 
mays silage (bulk 8'3C = -l l. 6%o) would give an unlikely positive 813C value (0.1%o) that 
is actually similar to the 513C values determined for levoglucosan after correcting for nine 
TMS C (Table 4.5). 
The myo-inositol used to determine the S13C of the BSTFA (after Poole & van Bergen, 
2004) has six hydroxyl groups making it potentially prone to partial derivatisation (Fig. 
4.17). Derivatisation with BSTFA produced a sample that was not amenable to GC, so 
pyridine was used as a base catalyst in conjunction with BSTFA (1: 1 v. v. ) to successfully 
derivatise the myo-inositol for GC-MS and GC-C-IRMS analysis. Thus, the mass 
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spectrum of the derivatised myo-inositol showed [M+'] at 612 and major fragmentation ion 
432. Consequently, it is likely that compounds with one hydroxyl group were wholly 
derivatised and their corrected 813C values accurate. However, lignin derivatives with 
multiple hydroxyl groups are liable to be partially derivatised and their 813C values 






Figure 4.17 Structure of myo-inositol 
4.5.3.2 Summary: Lignin analysis of C3 and C4 dung and silages 
I. Off-line pyrolysis of C3 and C4 silage and dung yielded complex mixtures of lignin, 
chlorophyll and polysaccharide products dominated by (E)-phytol. The silages also 
contained significant abundances of organic acids that were reduced in abundance in the 
dung. Some of the lignin products were more abundant in the dung, in line with the ca. 5% 
increase determined by forage fibre analysis. Overall, there appeared to be little difference 
between pyrolysis products obtained from the two types of silage and their respective 
dungs. 
II. Several lignin biomarkers were selected for further consideration on the basis of their 
good chromatographic resolution and, thus, robust S13C values. A wide range of S13C 
values were observed for the selected components in both the dung and silages. Some 
monolignols were 13C-enriched relative to bulk S13C values, especially in the silage, and 
this might be related to presence of 13C-enriched non-structural components prior to 
rumination. The compound-specific S13C values of the selected compounds (14 - 20%o), 
and the mean Al3C values between C3 and C4 total pyrolysates (x = 17.5%6o) was similar to 
the bulk &13C between C3 and C4 materials, suggesting a full turnover in the lignin 
component of the dungs during the diet switch. 
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III. The S13C values of some pyrolysis products with multiple hydroxyl groups appeared to 
have anomalously high S13C values and this may be a consequence of partial 
deriviatisation with BSTFA. However, the S13C values for lignin derivatives with only one 
hydroxyl group were similar to reported values and presumed accurate. 
4.5.4 Lipid analysis of C. and C4 silage and dung 
According to forage fibre analysis, lipids are a minor constituent of dung (Table 4.3). 
Nevertheless, lipids exhibit an inherent diagnostic value due to their functional and 
structural diversity and consequent variable rates of transformation and degradation. The 
aim of this work was not an exhaustive analysis of the lipid component of silages and 
dungs, but to ascertain the most useful lipid components to investigate the fate of dung C 
in soil after dung deposition (Chapter 7). By assessing the composition of the lipids in the 
silage and subsequent dung, information was gained on the transformation of major forage 
lipids during rumination. Microbial phospholipids from dung were also analysed in order 
to correctly assess the impact of dung on the SMB during the field experiment. After 
extraction, fractionation, derivatisation and accurate quantification, the S13C values of 
individual lipid components were determined using GC-C-IRMS. All experimental 
procedures are given in section 2.9. 
4.5.4.1 Total lipid extracts of C3 and C4 silage and dung 
Saponified total lipid extracts (TLE) were used to determine the major components of the 
C3 and C4 silage and dung using gas chromatography (Fig. 4.18). Quantification of the 
total amount of lipid using GC peak areas of saponified TLE and internal standards 
indicated that C3 and C4 silage contain similar amounts of total lipid (C3 silage = 4714 
±384 pg gl; C4 silage = 3644 ±2015 pg g') but C3 dung contained 30% more lipid than C4 
dung (C3 dung = 7488 ±558 pg g l; C4 dung = 5204 ±639 pg g''). The C3 and C4 dungs 
contained 40% and 30% more lipid than their respective silages. These indicate that the 
lipid either escapes digestion, thus contributing a larger component, or that endogenous 
ruminant sources augment the lipid in the dung. These concentrations are less than 1% of 
the DW of silage or dung, and suggest that the forage fibre analysis calculation (Table 4.3) 
overestimated the amount of lipid considerably. 
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Figure 4.18 TIC chromatograms of saponified TLE from C3 and C4 silage and dung 
showing major lipid components as their respective TMS ethers or esters. Key: PD = 
phytol derivative; i. s. = internal standard; isl = 2-hexadecanol; is2 = heptadecanoic acid; 
is3 = preg-5-en-3ß-o1; is4 = tetratriacontane. 
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The silages should contain lipids derived from both the source plant (Lolium perenne; C3) 
or Zea mays; C4) and the fermentative microbial population. The major lipid components 
of both C3 and C4 silages were (E)-phytol (3,7,11,15-tetramethylhexadec-2(E)-en-l-ol) and 
the phytosterols: campesterol (24-methyl-5a-cholestan-3ß-ol), stigmasterol (24- 
ethylcholest-5,22-dien-3ß-ol) and sitosterol (24-ethylcholest-5-en-3ß-ol). Pentadecanoic 
acid (C, 5: o) was significant in the saponified TLEs of both silages and dungs. C3 silage 
also had a marked abundance of n-hexacosanol (C26: 0 n-alkanol), and the n-alkanes 
nonacosane (C29) and hentriacontane (C31) which were significantly reduced in the C4 
silage. The C3 and C4 dung TLEs were more complex than the silages, as they contain 
mixtures of plant, microbial and animal derived components. 
Stanols were the most abundant lipids in both dungs, most significantly 5ß-stigmastanol 
(24-ethyl-5ß-cholestan-3ß-ol), 5ß-epistigmastanol (24-ethyl-5ß-cholestan-3a-ol) and 5a- 
stigmastanol (24-ethyl-5a-cholestan-3ß-ol). (E)-phytol was reduced in the dungs, 
although there were a number of tetramethyl branched compounds that appeared to be 
breakdown products of the original molecule, labelled as `PD' on the chromatograms. 
015: 0, C16: 0 (hexadecanoic acid) and C1g: o (octadecanoic acid) fatty acids, C29 n-alkane and 
C26 n-alkanol were all more abundant in the C3 dung compared to the C4 dung. With 
reference to the TLE analyses, the alcohol, acid and polar fractions were selected for 
further analysis due to their contrasting diagnostic qualities. 
4.5.4.2 Alcohol fraction of C3 and C4 silage and dung 
The alcohol fraction constituted the most abundant class of lipids in the silage and dung, 
comprising aliphatic n-alkanols and steroidal components. The histograms displayed in 
Figures 4.19 and 4.20 show the distributions and concentrations of the major components 
of the alcohol fractions, and illustrate differences between C3 and C4 silage and dung. 
The major components of the alcohol fraction in both C3 and C4 silages were (E)-phytol, 
and sitosterol. The most marked difference between the silages was the concentration of 
C26 n-alkanol in the C3 dung (673 ±7 µg g71), compared to the C4 dung (97 ±123 pg g71), 
the most abundant lipid in the C3 silage. (E)-phytol was almost twice as abundant in the C3 
silage, while the quantity of stigmasterol in the C4 silage was significantly greater. Only 
two samples were analysed for the silages as they came from the same silage clamp and 
were presumed to be relatively homogeneous, but the a suggests that there was significant 
heterogeneity in the forage, which was also evident in the monosaccharide analysis. 
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Figure 4.20 x (n = 3) relative abundance distributions of major components of alcohol 
fraction of C; and C4 dung (g g' DW). 
114 
Chapter 4 Biochemical characterisation of silage & dung 
The major components of both the C3 and C4 dung alcohol fraction were 5ß-stigmastanol 
and 5ß-epistigmastanol and 5a-stigmastanol, accounting for around 40% of the fraction. 
Of the compounds that were recognised in the silage, (E)-phytol was reduced by 11% and 
14%, and sitosterol by 73% and 88%, in the C3 and C4 dungs, respectively. n-hexacosanol 
was reduced by 41% in the C3 dung and absent in the C4 dung, and n-octacosanol was 
either absent from both dungs or co-eluted with the 5ß-stanols (Fig. 4.18). Campesterol 
appeared to be absent, but stigmasterol co-eluted with 50-epistigmastanol and could not be 
quantified without using a urea adduction procedure (Simpson et al., 1999; Bull et al., 
2001). 
4.5.4.2.1 Steroidal components of C3 and C4 silage and dung 
The steroidal components were the most abundant lipids in the silage and dung TLEs. 
Plant sterols are transformed during ruminant digestion to a 5ß-stanol form known to 
exhibit extreme recalcitrance in soils. 
Sitosterol was the most abundant sterol in the silage, and is reported to account for >70% 
of plant sterols, although this varies with species (Popov, 2003; Christie, 2005). This and 
the other phytosterols possessing a double bond at position O5, i. e. stigmasterol and 
campesterol, have a stabilising action on membrane lipids (Philipp et al., 1976; Goad, 
1991; Popov, 2003) due to the interaction of the compact and rigid tetracyclic ring 
structure with phospholipids (Christie, 2005). Cholesterol (C27) performs a similar 
function in animals, but its concentrations are negligible in plants. The three A 
phytosterols differ with respect to the level of branching at C24 and unsaturation of the side 
chain. Campesterol (C28) has a methyl group at C24, and sitosterol (C29) and stigmasterol 
(C29) have an ethyl group in the same position. Stigmasterol is also unsaturated at the A22 
position. In addition, all three sterols possess a hydroxyl group in the ß-orientation at C3. 
The location of the 3ß-hydroxyl group facilitates the orientation of the molecule within 
plant cell membranes, and the methyl groups appear to maximise interaction with other 
membrane constituents (Christie, 2005). 
The most abundant lipids in both dungs were 5ß-stigmastanol (C3 dung = 991 ±20 pg g 1; 
C4 dung = 735 ±26 pg g") and, its 3a-epimer, 5ß-epistigmastanol (C3 dung = 1346 ±197 
pg g 1; C4 dung = 1102 ±72 pg g 
d), which are the products of anaerobic microbial 
transformation of sitosterol by biohydrogenation of the double bond at position g5 in the A 
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ring of the steroid nucleus during herbivore digestion (Fig. 4.21; Eyssen et al., 1973; 
Evershed et al., 1997; Bull et al., 2002). Similar microbial hydrogenation products are 
produced for campesterol (5ß-campestanol and 5ß-epicampestanol) and stigmasterol (24- 
ethyl-cholest-22-en-3 ß-ol and 3a epimer) which were also identified in both C3 and C4 
dung. A wide range of anaerobic and facultative anaerobic microbial species are capable 
of transforming, and have a requirement for, A5 sterols (Eyssen et al., 1973; Macdonald et 
al., 1983). 
Gut 
Figure 4.21 Conversion of AS sitosterol to 5ß-stigmastanol homologue by gut flora (after 
Evershed et al., 1997). 
Cholesterol and its biohydrogenation products coprostanol and epicoprostanol were also 
found in the dungs. Given the negligible concentration of cholesterol in the silage, the 
source of the coprostanol and epicoprostanol must be endogenous. Herbivorous mammals 
are unable to absorb plant sterols and must synthesise their sterol requirements de novo 
(Schoenheimer & Breusch, 1933). The high level of 5a-stigmastanol indicates a 
significant aerobic microbial reduction of sitosterol (Bull et al., 2002) has occurred in the 
dung, probably after excretion, and infers that determined concentrations of sitosterol in 
the dung could be higher, highlighting the need for careful storage of such microbially 
active materials prior to analysis. 
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4.5.4.2.2 n-alkanols in C3 and C4 silage and dung 
All primary aboveground plant organs are covered with protective epicuticular waxes. 
Typical wax mixtures comprise mostly unbranched, saturated, very long chain aliphatic 
compounds (C20 - C34) with only one O-containing functional group (Vermeer et al., 
2003), e. g. n-alkanols and n-alkanoic acids, although n-alkanes also occur widely. 
The two most abundant n-alkanols in the silage were n-hexacosanol (C26) and n- 
octacosanol (C28), with the former being the most abundant lipid in C3 silage (866 ±7 µg 
g"'), but only found at low concentrations in the C4 silage (97 ±123 µg g"I). Both silages 
contained similar concentrations of the C28 homologue (C3 silage = 138 ±46 µg 9'1; C4 
silage = 121 ±1 µg g d). The dominance of various n-alkanols appears to exhibit a certain 
degree of species specificity, e. g. C26 is dominant in Lolium perenne (Hamilton & Power, 
1969; Bull et al., 2000a), Puccinellia maritima (Bull et al., 1999c), Hordeum vulgare (Bull 
et al., 2000a; Conte et al., 2003) and Brassica napus (Conte et al., 2003); C28 in Ricinus 
communis (Vermeer et al., 2003) and Triticum aestivum (Conte et al., 2003); C30 in 
Medicago sativa (Conte et al., 2003); and, C32 in Spartina anglica (Bull et al., 1999c). 
The quantity of the dominant n-alkanol can also vary. Bull et al. (1999c) observed 1786 
pg g"1 of the principal n-alkanol (C26) in common salt-marsh grass, and 89 µg g'1 of the 
dominant C28 component in common cord grass. The environmental conditions in which a 
plant grows can also affect the concentration of n-alkanols. Huang et al. (1999) measured 
a reduction in n-alkanols of 20 - 50% under elevated N fertilisation and CO2 in Betula 
pendula seedlings. 
Although n-alkanols are very abundant in most plants, little research into their fate in the 
rumen is evident. Van Soest (1994) offers only that alcohols and acids [of the cuticle] are 
more likely to be metabolised [than alkanes]. During the diet switch experiment, 41% of 
the C26 n-alkanol was lost during rumination (509 pg g") in C3 dung, and none was evident 
in the C4 dung. C28 n-alkanol was absent in the alcohol fractions of both dungs. Alkanols 
are broken down by ß-oxidation (Fig. 7.3) to carboxylic acids which are further degraded 
to progressively lower homologues (Ambles et al., 1994; Bull et al, 1997). It is possible, 
therefore, that primary ß-oxidation products of n-hexacosanol and n-octacosanol may 
contribute the VLCFA total in the C3 dung (see below). 
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4.5.4.3 Acid fraction in C3 and C4 silage and dung 
The lipid components of the acid fraction of silage and dung derive from a number of 
sources, but are mostly from plant cell membranes and cuticular waxes from forage. Fatty 
acids in silage may derive from either the forage or the detritus of fermenting microbes. In 
cow dung, they may derive from the forage, dead rumen microbes or the animal itself. 
4.5.4.3.1 Free fatty acids in C3 and C4 silage and dung 
Quantification of n-alkanoic acids from C3 and C4 silage and dung was performed by solid 
phase extraction (`Bond Elut') fractionation of dung TLE followed by methylation of the 
acid fraction (see Section 2.9 for experimental details). Figures 4.22 and 4.23 show the 
distributions of the major elements of the free fatty acid fraction, and illustrate differences 
between C3 and C4 silage and dung. The compounds show the characteristic bimodal 
distribution and even-over-odd predominance of higher plant fatty acids (Bull et al., 
2000a). 
The dominant free fatty acid extracted from both C3 and C4 silages was palmitic acid 
(C16: 0) which was more abundant in the C4 silage (1103 ±167 µg g71) than the C3 silage 
(884 ±2 µg g71; Fig. 4.22). Stearic acid (C18: 0) was measured in low abundance (C3 silage = 
80 ±3 µg g'; C4 silage = 117 ±19 µg g4), while the unsaturated C18 acids, linoleic acid 
(C18: c6) and a-linolenic acid (C18: 30), Were only present in low concentrations <10 µg g-1. 
The very long chain (>C18) saturated n-alkanoic acids in the silage (Fig. 4.22) were derived 
from plant cuticles, and had the characteristic distribution of plant fatty acids, with an odd- 
over even predominance of the homologues, maximising at C28: 0 in the C3 silage (75 ± 26 
µg g') but with comparable abundances of C24: 0 (57 ±10 µg g71) and C26: 0 (56 ±1 µg g 
1) in 
the C4 silage. 
Like n-alkanols (see above), the dominance of a particular VLCFA homologue would 
appear to be related to species, e. g. C22: 0 is dominant in Holcus lanatus (Bull et al., 2000b) 
C26: 0 is dominant in Lolium perenne (Hamilton & Power, 1969) and Hordeum vulgare 
(Bull et al., 2000b; Conte et a!., 2003); C28: 0 is dominant in Triticum aestivum; and C30: 0 in 
Medicago sativa and Brassica napus (Conte et al., 2003). However, the principal 
homologue in the C3 Lolium perenne silage was C28: 0 (cf. C26; o; Hamilton & Power, 1969), 
suggesting that process of ensiling (or later storage) has affected the pattern of distribution 
of the VLCFA. These n-alkanoic components may also be the oxidation products of n- 
alkanes and n-alkanols (Bull et a!., 2000a). 
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Figure 4.22 x (n = 3) relative abundance distributions (µg 9-1) of iC14 0 to C34: o free 
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Figure 4.23 x (n = 3) relative abundance distributions (µg 9-1) of iC14: 0 to C34: o free 
fatty acids extracted from C3 and C4 dung. 
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Fatty acids from plant, microorganisms and animal tissues should all be encountered in 
dung. Figure 4.23 shows the differences in the proportions of free fatty acids as FAMEs 
extracted from the C3 and C4 dungs. By far the major n-alkanoic acid in both dungs was 
C18: o, and the concentration was 200 µg g1 greater in the C4 dung. The lack of this fatty 
acid in silages would imply that the majority of the dung C18; 0 was derived from excreted 
ruminant fats or from the release of bound fatty acids (Table 4.6). Conversely, C16; 0 
showed much lower concentrations in the dung than the silage, and was only about one- 
third of the abundance of C18: o, suggesting that this was a plant-derived acid that had 
escaped rumination. Low concentrations (<50 pg g' dung) of the unsaturates C18: 2.6 and 
CIX: 3(3 were present in both dungs, and C18; 1.11(34.7 µg g'') was present in the C4 dung, 
which is a trans microbial transformation product of C18; 2w6 (Fig. 4.3). Although low in 
abundance, the unsaturates were more pronounced in the dung than in the silage. 
The cuticle-derived saturated very long-chain C20: 0 to C32: o n-alkanoic acids were generally 
depleted in both dungs, other than the C26: 0 in the C3 dung which was around twice as 
abundant as in the silage. As the concentrations of similar homologues were reduced in 
the dung, this suggested that a proportion may have been derived from the oxidation of the 
C26: 0 n-alkanol, rather than indicating a unique indigestibility. Low abundances of odd- 
chain unbranched and branched iso and anteiso fatty acids were also present, i. e. 1C14: o, 
iCis: o, aCis: o, C15: 0, iC16: o, aC16o, iC»: o and aC17: o, characteristic of the breakdown of 
membrane phospholipids in microorganisms (see Section 4.5.4.4). These were expected as 
dung is reported to be up to 40% rumen microbial debris (Van Soest, 1994). 
The concentrations of bound fatty acids (Table 4.6) from the saponified TLEs of dung and 
silage showed that significant abundances of plant fatty acids existed as glycerolipids, i. e. 
storage and membrane lipids or as moieties of cuticular waxes. The major fatty acids C16: 0. 
C18. and C18,30 are reported as the most abundant fatty acids in saponified TLE of silage 
(Van Soest, 1994; Sukhija & Palmquist, 1988; Dewhurst & King, 1998; Elgersma, 2003; 
Wiesenberg et al., 20(4) also reported the presence of relatively abundant C18: 2w6 in Zea 
mays silage. In agreement with these findings, C16: o and C18: 2w6 were major lipids in the 
bound fatty acids of both C3 and C4 silages, but C18: 3w3 did not appear as a major 
component of either silage. Losses of fatty acids can occur during ensiling. The acidic 
environment encourages the hydrolysis of bound fatty acids, increasing the proportion of 
free fatty acids in the silage, though unsaturated and saturated fatty acids may undergo 
oxidation and polymerisation to form indigestible resins and gels (Van Soest, 1994). The 
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fatty acids C16: 0, C18: 2c06 and C18: 3«o6 in the dungs all showed a decrease in abundance in the 
dung, presumably due to digestion. 
Table 4.6 Concentrations (µg g1 DW; n= 1) of major fatty acid from the saponified 
TLEs of C3 and Ca dung and silage. 
Fatty acid Cj silage C4 silage C3 dung C4 dung 
C16: 0 1042 1811 490 268 
018: 0 626 1156 101 434 
Cl8,2aj6 2184 2971 1606 1614 
CI 8: 3m3 5 760 
4.5.4.3.2 Compound-specific 813C analysis of C3 and C4 silage and dung free fatty 
acids 
All lipids extracted from the silage and dung were depleted in 13C compared with bulk 
dung or silage (C3 silage, 8'3C = -11.6ý. o; C4 silage, 8'3C = -30.1 , oo) in line with reported 
data for lipids (Fig. 4.24; Boutton, 1991b; Schweizer et al., 1999). This depletion is 
ascribed to isotopic discrimination against 13C during the oxidation of pyruvate to acetyl- 
CoA by the pyruvate dehydrogenase complex during lipid biosynthesis (DeNiro & Epstein, 
1977). The majority of the C3 and C4 dung lipid 813C values were slightly, but not 
significantly, 13C-enriched compared to the silage values, which agrees with previous bulk 
813C values (Jones et al., 1979; Wilson et al., 1988; Bol et al., 2000). 
The structure of fatty acids can be linked to their provenance, in principal. The fatty acids 
in plants are usually even-numbered and straight-chained, and range from 8 to 32 carbons 
in length. Leaf lipids are mainly membrane lipids which contain unsaturated fatty acids, 
the most abundant being C16; o and C18: 2w6 and C18: 3w3. Although Cls: zw6 is often cited as a 
fungal biomarker, there is a low incidence of in rumen liquor (104 ml-l) compared with 
bacteria (1011 ml"'; Orpin & Andersen, 1988; Van Soest, 1994), thus in dung this 
component most likely derives from the diet or gut sloughing. C18: iwll is a microbial 
transformation product of C, 8.1 6 (Fig. 4.3; Jenkins, 1993) and, therefore, was presumed to 
be of similar origin. C, 8: o may have multiple sources, including body fat. Cuticularwaxes 
are composed of very long chain n-alkanoic (plus n-alkane and n-alkanol) compounds less 
thanC32 that are presumed to be inert and lost in faeces. Bacteria produce shorter chain 
fatty acid (<C20), which have uneven and branched chains with methyl groups in an iso or 
anteiso configuration. Therefore, the fatty acids were tentatively grouped according to 
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their origin, i. e. membrane, cuticle, microbial and endogenous for discussion of 613C 
values (Table 4.7). 
00 - 


















Figure 4.24 S'3C values plotted for free fatty acids as FAMES extracted from C3 (0) 
and C4 () silage and C3 (") and C4 (. ) dung with whole C3 (- - -) and C4 (- - -) dung bulk 
613C values. 
Consideration of fatty acid sources revealed clear differences between C3 and C4 dungs. 
Table 4.7 shows that the lipids in C3 dung exhibited ax range of 813C values 1.7 ±1.0°ß. o 
while in the C4 dung the range was 5.7 ±1.4%o. The X A13Cbulk_source values showed similar 
patterns of enrichment between bulk dietary values and free fatty acids from the 
membranes, cuticle and microbial origins, but the lipids from the C4 dung plant cuticle- 
derived compounds were 4960 more depleted in 13C relative to diet than the corresponding 
C3 lipids. This suggested that the VLCFA from the cuticle in the C4 dung still included a 
residue of the C3 diet previous to the diet switch (see Section 4.4). Yang & Palmquist 
(1998) reported that fatty acids in the rumen adsorb to feed particles in the rumen causing 
hydrophobic food particles to constitute the largest proportion of solid material in the 
rumen, thereby increasing their residence time in the rumen. Notably, the VLCFA in all 
samples also displayed increasing depletion in 13C with increasing chain length inferring 
an isotopic fraction had occurred during chain elongation. 
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Table 4.7 x 613C and A13CbIk_se values for source-defined free fatty acids extracted 
from C3 and C4 dung. 
Source Free fatty acids x 60C value x A13C (% bulk-source 
C3 dung C4 dung C3 dung C4 dung 
Membranes C16: 0, Cla: lwll, C18: 2w6, -36.1 ±0.6 -17.1 ±0.7 4.8 4.5 
C18: 3w3 
Cuticle C20: 0 - C30: 0 -37.5 ±1.7 -22.8 ±2.0 6.2 10.2 
Microbial i/aCls: o, Cls: o, aC16: o, -37.2 ±1.0 -18.4+-1.5 5.8 5.8 
C17: o, i/aC17: 0 
Endogenous C18: 0? -35.8 ±1.0 -17.1 ±0.4 4.8 4.5 
The 513C values for C18: 0 suggest that this fatty acid was predominantly plant-derived as its 
A13CbIk-source values were similar to those for the membrane-derived free fatty acids (C3 
dung, 813C = -35.8 ±1. O%o and A13C 4.5%o; C4 dung, 813C = -17.1 ±0.4%w and A13C 4.89,6o). 
Endogenous fatty acids would be expected to be differ due to the incorporation of 13C 
depleted acetyl groups into lipid components during de novo synthesis from glucose 
(DeNiro & Epstein, 1977). Copley et al. (2003) found that C18: 0 from adipose tissue of 
ruminants was up to 4%o 
13C-enriched compared to dietary fatty acids. The high 
abundance of plant-derived Cig: o in the dung likely comprises a contribution from the 
microbial biohydrogenation of polyunsaturates such as C18: 2W6 which was in high 
abundance in a bound form in silage and dung (Table 4.6). 
The microbial free fatty acids are the degradation products of phospholipids, and are 
indicative of bacteria. The 513C values indicate that the microbes whose degradation 
products had reached the C4 dung were using C4 compounds as a substrate (A13Cc3-c4 = 
19%o, similar to the bulk dung A value). Table 4.7 shows that the 513C values of the 
microbial lipids in the C3 dung were most similar to the VLCFA of the cuticle. The 
straight-chain PLFAs were also slightly enriched compared to the branched forms. For 
example, C1so is 1.1%. o and 1.5io enriched and C17: 0 is 2.3 , oo and 2.49. o enriched compared 
to iso and anteiso forms in C3 and C4 dung, respectively. There are several major points at 
which isotopic fractionations occur during bacterial lipid synthesis: transport of the 
substrate into the cell; synthesis of C16: 0 and C18: 0; transportation to the endoplasmic 
reticulum; and, esterification to polar groups (Abraham et al., 1998). Fatty acids 
synthesised using acetate are straight-chain, even-numbered, and those synthesised from 
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propionate (or valerate, derived from amino acids) are straight-chain and odd-numbered 
(Jenkins, 1993). The branched iso and anteiso lipids are manufactured from the branched 
short chain acyl CoA products of monosaccharides, e. g. n-butyrate and 2-methylbutyrate 
and amino acids, e. g. isovalerate (Kaneda, 1991; Jenkins, 1993). Abraham et al. (1998) 
also measured differences in C isotope ratios that indicated substrate usage, e. g. 
microorganisms grown exclusively on mannose have 13C-enriched PLFAs, contrasting 
with those grown on glucose. Therefore, differences between straight-chain and methyl- 
branched chain fatty acids would be expected. The enrichment of C17: 0 compared with 
C15: o, also seen by Abraham et al. (1998), attests to an isotopic fractionation during chain 
elongation (as was observed in the cuticle-derived fatty acids). In conclusion, it appears 
that the microbially-derived fatty acids in the C3 or C4 dung were the degradation products 
of rumen bacteria that had been using a C3 or C4 C source. 
4.5.4.4 Microbial phospholipid fatty acids in C3 and C4 silage and dung 
Intact phospholipids are derived from the cell membranes of extant microorganisms. 
Because they are broken down rapidly after cell death they are excellent biomarkers of the 
current microbial population. PLFAs are released for analysis by base hydrolysis of the 
phospholipid molecule. Several alkyl compounds <C20; 0 are found at the position of the two 
fatty acids attached to the glycerol backbone (Figure 7.2), and these can be used to 
characterise the microbial communities to a broad taxonomic and sometimes species level. 
Table 4.8 shows a selection of PLFAs used to characterise microbial communities in a 
range of environments. In this project, 13C-PLFA analysis was used to monitor changes in 
microbial populations in dung in response to the diet switch from Lolium perenne (C3) 
silage to Zea mays (C4) silage. 
Table 4.8 PLFAs used to characterise microbial communities (data from Frostegard et al., 
1993; 1996; Zelles, 1999, Macnaughton & Stephen, 2001). 
Microbial group Biomarker PLFAs 
Fungi 18: 2w6 
Arbusular-mycorrhizal fungi 16: 1 w5 
Gram -ve bacteria MUD, 16: 1 w7c, 16: 1 w7t, cy17: 0,18: 1 w9,18: 1 w7, cy19: 0,20: 4, 
20: 0 
Gram +ve bacteria i l. 4.0, i15: 0, a15: 0, i16: 0, i17: 0, a17: 0,120: 0, a20: 0 
Actinomycetes lOMel 8: 0 
Methanotrophs 16: 1w8c (Type I), 18: 1w8c (Type II) 
Sulphur-reducing bacteria lOMel6: 0 (Desulfobactersp. ), ii7: 10c (Desulphovibrio sp. ) 
Bacillus orArthrobacter s pp. i15: 0, a15: 0, i17: 0, a17: 0 
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Figure 4.25 shows the relative abundances of PLFAs extracted from C3 and C4 silage and 
dung (µg g" DW). Overall, the data indicated a mixture of Gram negative and Gram 
positive bacteria in both silage and dung, but no fungi in any of the samples. Ouwerkerk & 
Klieve (2001) found that feedlot manure was dominated by Gram positive clostridial and 
lactic-acid producing bacteria, and that gut-inhabiting and Gram negative bacteria do not 
appear to survive for lengthy periods of time due to the hostile environment and 
competition from Gram positive anaerobes. 
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Figure 4.25 x (n = 3) relative abundance (µg 9-1) of iC14: 0 to C20: 0 PLFAs as methyl esters 
extracted from C3 and C4 silage and dung. 
As the quantities of most of the PLFAs were so small (<1.0 µg g 1), a method from 
FrostegArd & Bääth (1996) was used to assess the concentrations of the PLFAs as number 
of bacterial cells g-1 DW in the silage and dung, using abundances of iC15: o, aC15: o, C15: 0, 
iC 16: o, C 16: 1 ß, 91 C 17: 0, iC I », aC 17: o and 
C, g: ie7 PLFAs. These calculations estimated that the 
C3 and C4 silages had 8x 108 and 18 x 108 bacterial cells g 1, and the C3 and C4 dungs 1x 
108 and 6x 108 bacterial cells g-', respectively. However, to put these figures into context, 
bacterial numbers measured in the surface of a control soil were two orders of magnitude 
greater than that measured in the silages or dungs (see Section 7.4.3). The large population 
of silage bacteria either derived from the lactic acid bacteria, which should have declined 
during the stable phase of ensiling, or in the proliferation of aerobic species in the feedout 
phase (Oude Elferink et al., 2001). However, the lack of C18.2 6, the fungal phospholipid 
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biomarker (Frosteg$rd & Berth, 1996), indicated that the silage had not been exposed to 
prolonged oxic conditions in the feedout phase of ensiling (see Section 4.2.1) as the growth 
of yeast on preserved organic acids is one of the first indications of aerobic spoilage (Oude 
Elferink et a!., 2001). 
4.5.4.4.1 Compound-specific S"C analysis of C3 and C4 dung microbial PLFAs 
The average \C value between the silages and PLFAs from the C3 dung was nearly 
3.8%o, while that between the C4 silage and C4 dung PLFAs was 8.8°x. 0, showing that a 
mixture of 13C-depleted and 13C-enriched compounds were contributing to the membrane 
synthesis of the bacteria in the C4 dung (Fig. 4.26). The source of the 13C-depleted 
compounds was probably C3 labelled tissues in the ruminants' body remaining a month 
after the diet switch from a C3 to a C4 maize diet. These results contrasted with the 
compound-specific 613C values of microbially derived free fatty acids analysed from the 
acid fraction (see Section 4.5.2.3.2) that displayed complete C4 signatures presumably 
derived from digestion of forage in the rumen. 
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Figure 4.26 613C values plotted for PLFAs as FAMES extracted from C3 and C4 dung 
with whole Cs (- - -) and C4 (- - -) silage bulk S13C values. 
The L"C value between individual PLFAs in the C3 and C4 dung and their respective 
silage ranged between 9 and 17% showing that the pattern of 13C-enrichment was not 
equal between similar fatty acids from the two origins (Fig. 4.26). This phenomena has 
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been observed in previous natural abundance 13C isotope studies that attempted to 
determine microbial utilisation of C sources in salt marshes (Canuel et al., 1997; Boschker 
et al, 1999), tropical soils (Burke et al., 2003) and marine, estuarine and terrestrial 
environments (Cifuentes & Salata, 2001). Boschker et al. (1999) showed that specific 
bacterial PLFAs from a mixed culture were depleted by about 4- 6%o relative to their 
substrate, whilst Cifuentes & Salata (2001) and Burke et al., (2003) recorded a range of 
S13C values between PLFAs from different environments. Abraham et al. (1998) defined 
supposed variable fractionation factors for PLFAs from several bacterial strains grown on 
defined substrates, including the tendency for increasing S13C values with chain length, 
and 13 C-depletion with branching. These patterns of 13 C-enrichment were detectable in the 
microbial-derived free fatty acids in the silages and dungs (Fig. 4.24), but not in the dung 
PLFAs whose 6'3C values suggested the utilisation of a range of C sources. Therefore, the 
majority of viable bacteria in dung are presumed to be derived from the hind gut 
population that metabolise `by-pass' products from the rumen, and the debris of digested 
rumen bacteria. 
4.5.45 Summary: Lipid analysis of C3 and C4 silage and dung 
1. GC analysis showed that both C3 and C4 silage contained a similar amount of lipid, 
which was less than that in the dungs. C3 dung contained 30% more lipid that C4 dung 
suggesting that rumination had affected the lipid content of the C3 and C4 dung differently 
due to the influence of the different forage chemistries on the rumen microbial population. 
The TLE illustrated the dominant compounds in the silages and dung were (E)-phytol and 
steroidal compounds. 
11. Sitosterol was the most abundant silage lipid, and its microbial biohydrogenation 
products, 5ß-stigmastanol and 5ß-epistigmastanol, were the most abundant lipids in dung. 
The major difference between the C3 and C4 material was the abundance of long chain n- 
alkanol and n-alkane cuticle wax components that were much reduced in the C4 silage and 
dung. 
III. The 813C values of the free fatty acids in the C4 dung indicated they derived solely 
from C4 silage except for the VLCFA that displayed some residual C3 signature. This 
included the fatty acid degradation products of rumen. 
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IV. The PLFAs in the silage and dung indicated a mainly bacterial source. The 8'3C 
values of the dung PLFAs indicated that viable bacteria from the hind gut were using a 
range of differentially13C labelled substrates to synthesise membrane phospholipids. 
4.6 Concluding remarks 
I. Bulk 813C values for C3 and C4 dung treated plots provided evidence that the C3 and C4 
experimental dung pats decomposed at slightly different rates (Chapter 3). Variability 
between the C3 and C4 dung might be a consequence of contrasting biochemical 
composition due to the characteristics of the plant species from which the dung was 
derived, which may have been further modified by ruminant digestion. Differences were 
identified between the silages and dungs using forage fibre analysis, and GC, GC-MS and 
GC-C-IRMS analyses. These dissimilarities should be considered when using the A13C 
between C3 and C4 materials derived from different plant species to estimate bulk C 
incorporation into the soil. 
II. Forage fibre analysis was used for a rapid investigation of the main organic fractions 
of C3 and C4 silage and dung. The structural polysaccharides of the plant cell wall were 
identified as the major components, and there were differences between cellulose, 
hemicellulose and lipids % DM in C3 and C4 silages and dungs, particularly hemicellulose. 
III. Glucose and xylose, the key monomers of cellulose and hemicellulose, respectively, 
were the most abundant monosaccharides in acid hydrolysates of silage and dung. These 
sugars were more abundant in C4 silage and dung, but were present in more soluble forms 
in C3 silage and dung. Bulk 813C values showed that the monosaccharides extracted from 
the C4 dung were derived wholly from C4 sources. Glucose, arabinose, xylose and 
mannose monosaccharides were more 13C-enriched than bulk S13C values by 2- 896o, and 
there were differences in 13C-enrichment between individual monosaccharides. 
IV. Off-line pyrolysis of C3 and C4 silage and dung yielded complex mixtures of lignin, 
chlorophyll and polysaccharide products. 4-vinylphenol, 4-vinylguaiacol, 4-vinylsyringol 
and 4-acetylsyringol were elected for further consideration on the basis of their good 
chromatographic resolution and robust 813C values. A wide range of S13C values were 
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observed for the selected components in both the dung and silages suggesting a diversity of 
differentially 13C-labelled phenolic constituents with the lignin macromolecule. 
V. C3 and C4 silage contain similar amounts of total lipid, and C3 and C4 dungs contained 
40% and 30% more lipid than their respective silages. C3 dung contained 30% more lipid 
than C4 dung. These results suggested that rumination had affected the lipid content of the 
C3 and C4 dung differently. Sitosterol was the most abundant silage lipid, and its microbial 
biohydrogenation products, 50-stigmastanol and 5ß-epistigmastanol, were the most 
abundant lipids in dung. Abundances of cuticle wax long chain n-alkanol and n-alkane 
components were much reduced in the C4 silage and dung. The S13C values of the free 
fatty acids in the Ca dung were derived from C4 silage except for the VLCFA that 
displayed some residual C3 signature. The fatty acid degradation products of rumen 
bacteria were fully C4 labelled indicating their utilisation of C4 silage C after the diet 
switch. The PLFAs in the silage and dung indicated a mainly bacterial source. The S13C 
values of the dung PLFAs identified that viable bacteria from the hind gut were using a 
range of differentially13C labelled substrates to synthesise membrane phospholipids. 
VI. The next three chapters of this thesis are devoted to the investigation of the fate of 
carbohydrates, lignin and lipid biomolecules from C4 dung into a C3 soil surface. The diet 
switch gave a C4 dung which was 18 %o more enriched in 13C than the C3 soil (bulk S13C = 
ca. -30%o). 
13C IRMS analyses showed that the majority of the compounds in the C4 dung 
reflected the bulk A'3C values between C3 and C4 dungs. Thus, the A13C between C4 dung 
compounds and C3 soil compounds were used to track the fate of C4 dung C into the top 5 
cm of the soil for 372 d after deposition in spring. 
129 
CHAPTER 5 
THE FATE OF DUNG-DERIVED CARBOHYDRATES 
IN SURFACE HORIZONS OF TEMPERATE 
GRASSLAND SOIL 
Chanter 5 Fate ofduni'-derived carbohydrates in soil 
Chapter 5 TIIE FATE OF DUNG-DERIVED CARBOHYDRATES IN 
SURFACE HORIZONS OF TEMPERATE GRASSLAND SOIL 
5.1 Abstract 
Forage fibre analyses estimated that carbohydrates constituted the largest fraction of dung, 
and it was hypothesized that these components would be largely responsible for fluxes of 
bulk dung 13C in C4 dung-treated soil. GC and GC-C-IRMS analysis of five 
monosaccharides derived from C4 dung revealed that the incorporation of sugars from 
dung pats into the top 5 cm of the soil is complex and differs between monosaccharide 
types. Although glucose and xylose were the chief components of the fresh dung 
carbohydrate fraction, contributing around 80% of dung dry weight, the percentage 
incorporation of xylose was consistently greater than any other dung carbohydrate 
accounting for over 10% of dung C at peak bulk dung C incorporation. Due to its high 
abundance and persistence it was postulated that xylose was the most important influence 
on changes in bulk S13C values in the soil. The unexpected reemergence of dung 
carbohydrates at the soil surface after 372 days suggested a mechanism of short-term 
sequestration followed by release by bioturbation. 
5.2 Introduction 
The OM content of cow dung is mostly carbohydrate. Biochemical characterization of 
dung derived from Lolium perenne and another from Zea mays, showed that nearly 80% of 
dung was comprised of the four monosaccharides: glucose, xylose, galactose and arabinose 
(Fig. 4.6). Up to half of this was soluble in cold water (Fig. 4.7), implying that the 
remainder originated in the structural polysaccharides of plant cell walls, with some 
contributions from the cell walls of gut microbes. In soil up to up to 50% SOM can be 
carbohydrate (Martens et al., 2004) which is mostly plant-derived. The monosaccharides 
mentioned above are common to all biological systems, and, therefore, tracing dung- 
derived carbohydrates in soil can only be achieved by natural or artificial labelling of 
compounds. In this experiment, the difference between the individual S13C values of 
compounds from a natural abundance 13C labelled source (C4 dung) and those of a 
receiving C3 soil were utilised to track the fate of dung carbohydrates after deposition. The 
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S13C values were determined using GC-C-IRMS, and the difference between S13C values 
denoted as the A13C value. 
5.2.1 Soil carbohydrates 
Soil carbohydrates originate from the senescent tissues, exudates and excreta of plants, 
animals and microorganisms and consequently constitute a diverse group of organic inputs 
with varying MRT. Table 5.1 shows the range of MRT assigned to the different pools of 
carbohydrates in the soil (Paustian et al., 1992; Brady & Weil, 2002). The tendency for 
sequestration of carbohydrates depends largely on initial chemistry and inherent 
recalcitrance, but also upon the processes of degradation and decomposition in the soil to 
which the compounds are exposed, and their association with mineral soil components. 
Table 5.1 Mean residence times (MRT) of carbohydrates in SOM pools (Paustian et al., 
1992: Brady & Weil. 2002). 
Compound Pool Residue Type MRT (years) 
Monosaccharides 
Disaccharides Metabolic Litter 0.1-0.5 
Starch 
Polysaccharides Metabolic Litter 2-4 
Polysaccharides Active SOM 1-2 
Humic substances Passive SOM 500 - 5000 Clav: OM complexes 
5.2.1.1 Plant carbohydrates 
The primary source of SOM is plant litter at various stages of degradation (Kögel- 
Knabner, 2002; Gleixner et al., 2002). On a global basis, the deposition of plant residues 
amounts to 1.5 x 1015 t a' (Stolp, 1988). The most abundant substrates in plant litter are 
the polymers of plant cell walls, especially cellulose that constitutes 30 - 50% of plant DM 
(Stolp, 1988; Brady & Weil, 2002; Table 1.4). It is estimated that 40 - 60% of cellulose is 
mineralized in the first year, while 20% remains in the soil for up to 5y (Paustian et al., 
1992; Brady & Weil, 2002). 
The cells of all higher plants (Fig. 5.1) have a rigid cell wall, comprised of primary and 
secondary cell walls. The primary cell wall is deposited while the cell is still expanding 
(Fry, 2004) and is comprised of cellulose microfibrils embedded in a matrix of pectins and 
hemicelluloses, and a small proportion of glycoprotein (extensin). The secondary cell 
walls that develop in mature plant cells have fewer pectins and contain lignin which 
confers rigidity (Bidlack et al., 1992). The biochemistry of lignin is discussed in detail in 
Chapter 6. The ratio and exact composition of the various cell wall polysaccharides differs 
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phylogenetically between plant taxa, spatially between the tissues of any given plant, and 
temporally during the development of a given cell (Fry, 2004). The remainder of the cell 
comprises the vacuole and cytoplasm which contain simple sugars and starch. Temperate 
grasses, that utilise the C3 photosynthetic pathway, store starch in seeds and fructans in 
other tissues, whilst `tropical' C4 grasses, such as Zea mays, store starch in the stem (Van 
Soest, 1994). The majority of starch is amylopectin which is composed of a-1,4-linked D- 
glucose chains with 1,6-glycosidic bond side chains, 25% being amylose which consists of 
simple chains of a-1,4-linked D-glucose, producing a helical tertiary structure. Fructan is a 
polymer of fructose with a-D-glucose as an end group. The fructose monomers may be ß- 
1,2-linked (inulin) or ß-2,6-linked (levan). These metabolic and storage materials are 
easily degradable and are important C and energy sources for microorganisms in the soil 
(Kögel-Knabner, 2002). 
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Figure 5.1 Diagrammatic representation of a plant cell (from Taiz & Zeiger, 1991). 
Carbohydrates are all derived from glucose, the end product of photosynthesis (Appendix 
A) which is transported as sucrose (a disaccharide of a-D-glucose and ß-D-fructose) in the 
phloem to sites of synthesis in the plant. The synthesis of plant cell wall polysaccharides is 
via either cellulosic or non-cellulosic pathways, and is separated physically in the plant 
cell. 
Cellulose is a linear polymer glucan composed of >103 0-1,4-linked D-glucose monomers 
(Fig. 5.2a), synthesized on the apoplastic side of the plasma membrane in a multi-subunit 
`rosette' complex, with each unit of the complex responsible for polymerization, secretion, 
alignment and possibly crystallization of each cellulose chain. These include sucrose 





Chanter 5 Fate of dung-derived carbohydrates in soil 
synthase that provides the glucose needed for cellulose synthesis, and cellulose synthase 
that catalyzes the ß-1,4 glycosidic bond formation of the cellulose polymers. The rosette 
complex has ca. 36 units each producing a cellulose chain (Delmer, 1999) that almost 
instantly H-bond together to form a microfibril after extrusion (Kögel-Knabner, 2002; Fry, 
2004), and is hypothesized to move in the plasma membranes guided by microtubules 
adjacent or connected to the synthase complex (Taiz & Zeiger, 1991). The cellulose fibres 
are tethered within newly secreted matrix polymers by covalent and hydrogen bonds 
(Malherbe & Cloete, 2002; Fry, 2004). 
The non-cellulosic polysaccharides of plant cell walls differ from cellulose in their 
composition of sugar units, branching and lower degree of polymerisation (Kögel- 
Knabner, 2002). They are synthesized from nucleotide sugars in the Golgi apparatus by 
glucosyl transferases and transported via vesicles to the plasma membrane where they are 
secreted by exocytosis and integrated into the pre-existing wall (Alberts et al., 1989; Taiz 
& Zeiger, 1991; Mohnen & Bar-Peled, 2004). The nucleotide sugars are themselves 
synthesised from photosynthate by a series of enzyme-mediated steps on the rough 
endoplasmic reticulum (RER; Alberts et al., 1989). Glucose is phosphorylated to glucose- 
6-phosphate, then glucose- l-phosphate, and attached to uridine moiety forming UDP- 
glucose. This may undergo dehydrogenation to UDP-glucoronate, with subsequent 
decarboxylation to UDP-xylose and epimerisation to UDP-arabinose, forming the building 
blocks of hemicellulose (Fig 5.2c; Burget et al., 2003). Non-cellulosic carbohydrates are 
described as `matrix' materials in which the cellulose microfibrils are embedded. 
Hemicelluloses have glycosidic crosslinkages with cellulose microfibrils and form a 
cellulose/hemicellulose framework that functions as the mechanical underpinning of the 
cell wall. Hemicelluloses also appear to be the major interface between lignin and other 
carbohydrate components of the plant cell wall, anchored to the polyphenolic structure by 
ester-linked ferulic acids (Jung & Ralph, 1990; Casler & Jung, 1999; Hatfield et al., 1999; 
Malherbe & Cloete, 2002; Fry, 2004). Xyloglucan, the most common hemicellulose in 
plants, is composed of a linear ß-1,4-D-glucose backbone with side chains of xylose, 
galactose, fucose and arabinose residues. Graminae have glucuronoarabinoxylan as the 
principal hemicelluose polymers which have ß-1,4-D-xylose units with frequent a-L- 
arabinose, and some glucose branches (Fig. 5.2b) and mixed linkage ß-1,4-D-glucan chains 
(Fry, 2004) Pectins, are chains of galactose units such as homogalacturonan (Fig. 5.2c) 
and rhamnogalacturonan, and are usually major components of primary cell walls, but are 
notably poor in grasses (Gibeaut & Carpita, 1994). The pectic polysaccharides are 
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structurally the most complex of the matrix polymers of plant cell walls and, as yet, no 
pectin biosynthetic enzyme has been isolated (Minorsky, 2002). Under biological 
conditions, when pH >3.6 the salt form (COO-) of galactose, galacturonic acid, becomes 
predominant. The negatively charged pectin chains tend to repel each other, but metal 
ions, usually Ca'', reduce the repulsion and allow glycosidic linkages to form (Welsh & 
Morris, 1982). 
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Figure 5.2 Structures of major grass carbohydrates a. cellulose, b. hemicellulose, and, c. 
pectin. Key: Glu = glucose, Xyl = xylose, Ara = Arabinose, Gal = galacturonic acid. 
Each polysaccharide and glycoprotein of the plant cell wall is, in isolation, water-soluble. 
However, in the intact wall, these molecules are cross-linked to form a structurally 
competent material in an aqueous cellular environment. Some of the cross-links are non- 
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covalent, individually weak but numerous enough to confer strength, e. g. the 
hemicelluloses H-bond to cellulose; pectins are cross-linked by divalent Ca 2+ bridges; and, 
glycoprotein is ionically cross-linked to acidic polysaccharides. Other cross-links are 
covalent (few but individually strong), e. g. some polysaccharides chains may be cross- 
linked to each other by oxidatively coupled side-chains, e. g. ferulic acid (Fig. 5.15); 
glycoproteins are cross-linked through oxidatively coupled tyrosine residues; and, lignin 
may be covalently attached to certain polysaccharides through benzyl ether bridges to form 
lignin carbohydrate complexes. In addition, interpolymeric glycosidic bonds can link 
individual polysaccharides via their single reducing terminus i. e. CH2OH (Fry, 2004). 
5.2.1.2 Microbial carbohydrates 
Although the contribution of carbohydrates to the soil from microbial residues and 
exudates are quantitatively minor compared with plant litter, the contribution of the SMB 
to the formation of SOM is considerable. Plant matter, the primary source of soil 
carbohydrates, undergoes oxidative, enzymatic and hydrolytic degradation by 
microorganisms (Gregorich et al., 1996; Gleixner et al., 2002). This biodegradation forms 
new units, or secondary resources (Cheshire et al., 1969; Lichtfouse et al., 1995; Aoyama 
et al., 2000; Kögel-Knabner, 2002), in bacterial or fungal biomass which may be 
accompanied by selective preservation of biomolecules, coincident with the incorporation 
of plant and microbial organic compounds into stable complex macromolecular structures, 
i. e. humic materials (Gleixner et al., 2002). Microbes resynthesise hexoses to pentoses 
that are released to the soil as detritus and exudates (Amelung et al., 1999a). Murata et al. 
(1998) and Ghani et al. (2003) found that hot-water soluble C extracted from soils was 
composed of 40 - 50% carbohydrate, and the glucose: mannose ratios (after Oades, 1984) 
suggested that these were mostly derived from extracellular microbial polysaccharides. 
Bacterial biomass ranges from 40 - 500 g m-2 (Brady & Weil, 2002). The peptidoglycan 
cell wall that constitutes up to 25% DW of bacteria is a polymer of interlocking chains of 
10 - 65 identical peptidoglycan monomers consisting of two joined amino sugars, N- 
acetylglucosamine and N-acetylmuramic acid, with a pentapeptide extending from the N- 
acetylmuramic acid (Fig. 5.3). The lactic acid ether is linked to alanine (usually the L- 
enantiomer) which is the terminal residue of a short peptide chain (Welsh & Morris, 1982). 
Gram negative have a thinner peptidoglycan component, with an extensive 
lipopolysaccharide layer. 
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Figure 5.3 Structure of the peptidoglycan from the bacterial cell wall. Key: N-ag = N- 
acetylglucosamine, Nam = N-acetylmuramic acid. 
Peptidoglycan monomers are synthesized in the cytosol of the bacterium where they attach 
to a membrane carrier molecule called bactoprenol. The bactoprenols transport the 
monomers across the cytoplasmic membrane to the cell wall where enzymes mediate their 
insertion and linkage by glycosidic bonds into existing peptidoglycan. The chains are 
cross-linked between peptides branching from the N-acetylmuramic acids (Kaiser, 2005) 
by means of a diamino acid, such as 2,6-diaminopimelic acid (Welsh & Morris, 1982). 
Some bacteria also have a mucilaginous, heteropolysaccharide capsule, or slime layer, 
which protects against desiccation (Cheshire, 1979). The capsule may also allow 
attachment to surfaces through a network of fibrils of polysaccharide material, called the 
glycocalyx (Nester et al., 1983). The stability of microaggregates may be partly due to the 
binding of soil particles by such bacterial exudates. 
Fungi contribute 100 - 1500 gm2 soil (Brady & Weil, 2002) and are formed from hyphae 
which have a cell wall of chitin, a polymer of 0-1,4-linked N-acetylglucosamine (Nester et 
al., 1983). Fungi also synthesise complex matrix polysacchairdes e. g. ß-glucans, as cell 
wall components that differ in the type of bonds between the glucose units, and therefore, 
levels of solubility (Kögel-Knabner, 2002). 
In addition to the degradation of exogenous organic inputs, the decomposition of microbial 
detritus by viable microbes provides the opportunity for long-term cycling of C within 
terrestrial systems independent of the bulk SOM (Gleixner et al., 2004) evidenced by an 
increased ratio of polysaccharides: lignin-derived phenols with depth (Amelung et al., 
1999a). Huang et al. (1998) also proposed that microbial polysaccharides that are 
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synthesized In situ are likely to be responsible for the persistent polysaccharides in mineral 
soil. 
5.2.1.3 Invertebrate carbohydrates 
Insects and invertebrates have a chitinous exoskeleton, composed of N-acetylglucosamine 
monomers, which constitutes about 15 % DW. Earthworms and slugs excrete cutaneous 
mucus containing carbohydrates and glycoproteins that provide a nutrient source for a 
range of smaller invertebrates and microorganisms, and also contributes to the formation of 
soil aggregates in burrows and casts. The major role of soil animals in the fate of 
carbohydrates in soil is by their physical activity as `soil engineers' (Wolters, 2000), 
however they contribute relatively little biomass to the soil (Barker et al., 1998; Table 1.2). 
5.2.2 The fate of carbohydrates in soils 
Carbohydrates are important for soil quality and perform several valuable functions. Soil 
polysaccharides play a key role in the stabilization of soil microaggregates <250 µm 
(Cheshire, 1979) as their length and linear structure allow them to bridge the space 
between soil particles (Martens, 2004). Plant-derived sugars, especially pentoses, e. g 
xylose and arabinose, are the major source of energy for the SMB. However, although 
carbohydrates constitute the most labile fraction of plant-derived C, polysaccharides have 
been found to be very persistent in soils (Huang et al., 1998; Gleixner et al., 2002; Quenea 
et al., 2005). 
Stabilised saccharides tend to accumulate in older SOM with increasing depth relative 
even to the chemically more stable lignin (Huang et al., 1998; Amelung et al., 1999a) and 
are progressively chemically altered producing furanoid structures (Stuczynski et al., 
1997) known to have long residence times (Gleixner et al., 2002) that persist in the soil by 
cross-linking with humic materials (Magrini et al., 2002). Huang et al. (1998) employed 
py-GC-MS to investigate the fate of polysaccharides with depth in a upland grassland soil. 
They concluded that that polysaccharide concentration, in particular pentoses, declined 
with soil depth overall, with concurrent transformation of the residue into a polymer 
dominated by furan structures. Dijkstra et al. (1998) also found the same pattern of 
increase in concentration of furans with depth in a forest soil. 
In an effort to understand the different MRT of carbohydrates in soil, samples are often 
subdivided into various pools based on their solubility, density or association with various 
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particle size fractions and soil aggregates (described in Section 1.5), before being subjected 
to further analyses. A wide range of analytical methods have been applied to investigate 
the fate of OM in soils: the techniques of 13C NMR spectroscopy, py-GC-MS, 
thermochemolysis and `wet' chemical analysis were described in Section 1.6.4. 
5.2.2.1 Mechanisms of carbohydrate sequestration in soil 
Baldock et al. (1992) postulated that decomposition of organic materials in soils followed 
a continuum from fresh plant residues in large-particle size fractions (>20 µm) through 
partially degraded residues in intermediate fractions (2 - 20 µm) to degraded residues in 
the finest fractions (<2 µm). This theory was supported by information from 13C NMR 
analysis of five mineral soils that determined O-alkyl C (representing carbohydrates) was 
greatest in the coarse fraction, with more alkyl (lipid) C in the fine fraction. A progressive 
increase in the ratio of alkyl C: O-alkyl C, i. e. lipid: carbohydrate, can be interpreted as 
decomposition of plant polysaccharides by the microbial biomass resulting in a relative 
enrichment of more refractory methylene structures (Schmidt et al., 2000; Chefetz et al., 
2002). However, Gregorich et al. (1996) utilised density fractionation to divide plant 
inputs and soils from forest and cultivated sites into light (LF) and sand-sized fractions 
(SSF), then characterized the fractions using 13C NMR and py-FIMS (pyrolysis-field 
ionization mass spectrometry) and found that the SSF contained less carbohydrate than the 
finer fraction. Previous bulk 13C analysis had indicated that >70% of the C in the LF was 
recently deposited (Gregorich et al., 1995). Schmidt et al. (2002) also found the 
proportions of O-alkyl C increased as particle size decreased in the Ah and Bvt horizons of 
a forest soil, constituting a major proportion of the organic C in the clay-sized fraction. 
This suggested that potentially labile polysaccharides might be physically protected against 
further degradation by organomineral interactions in the finer soil fractions. Guggenberger 
et al. (1994) had previously demonstrated that whereas plant-derived sugars as POM were 
concentrated in the sand fraction, microbe-derived carbohydrates accumulated in the clay 
fraction of four contrasting soils. Amelung et al. (1999a) investigated the relationship 
between climate and sugar sequestration in four different saccharide pools associated with 
the clay, silt, fine and coarse sand fractions of a temperate grassland soil. The 
carbohydrates were extracted from the particle size fractions using a strong acid 
hydrolysis, and purified by ion exchange chromatography. The hexose: pentose ratio, i. e. 
(gal + man)/(ara + xyl) (after Oades, 1984), was utilised to differentiate between plant and 
microbial sugars. A ratio of <0.5 implied plant input and >2.0 indicated a microbial 
provenance. It was found that plant-derived particulate carbohydrates in the coarse sand 
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fraction were resistant to increases in temperature and precipitation, while sugars in the 
clay fraction were not affected by increasing temperature. However, microbial 
decomposition of carbohydrates in the fine sand fraction was encouraged by a warmer 
climate. Moreover, it was found that increasing moisture promoted production of 
polysaccharides by plants, and increased the amount of microbially-derived saccharides in 
the stable clay fraction where adsorption to clay minerals encouraged preservation in much 
larger amounts than particulate matter. 
5.2.2.1.1 Physical protection of labile carbohydrates 
The interaction of organic compounds with the mineral phase in soils is considered to be 
essential stabilization mechanism for organic C in soils. The binding mechanisms between 
OM and clay minerals and iron oxides due to their large, charged surface area is thought to 
play a major role in OM preservation within fine particle-size fractions (Hassink, 1997; 
Kiem & Kögel-Knabner, 2002; Six et al., 2002), and these mineral: organic associations are 
generally accepted as a prime mechanism that affords simple carbohydrates physical 
protection from respiration to GHGs, and, therefore, provides opportunities for long term 
sequestration of relatively labile C. The importance of readily extractable carbohydrates, 
especially microbially-derived polysaccharides, in soil aggregate formation has been 
indicated in several studies that have tried to further distinguish the specific components of 
the labile carbohydrate fraction which might act as key drivers in aggregate formation 
(Krull et al., 2004). Polysaccharides exuded from fungal hyphae, bacteria and roots adsorb 
strongly to negatively charged soil particles through cation bridging, binding together 
individual soil particles and microaggregates into macroaggregates and contribute notably 
to aggregated stabilization (Cheshire, 1979; Brady & Weil, 2002; Wander, 2004). Dung is 
an excellent source of soluble carbohydrates that have a positive effect on aggregate 
formation. Animal manure increases macroaggregate formation and stability (Whalen & 
Chang, 2002), and Bol et al. (2004a) estimated that around half of dung C incorporated 
into top soil was integrated into, and encouraged the formation, of macroaggregates after 
70 days. However, Neff et al. (2002) found the incorporation of N-enriched soil fertilisers 
(such as dung) triggered an increase in the decomposition of plant-related compounds that 
had been resident in the soil for the past several decades, controlled by direct N effects on 
decomposer organisms. 
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5.2.3.1 Using carbon isotopes to trace carbohydrates in soil 
The addition of artificially 14C- and 13C-labelled substrates to soils have been utilised 
previously to trace incorporation of carbohydrates into the soil profile, but there has been 
little work undertaken using natural abundance 13C-labelled substrates and GC-C-IRMS, 
and none following the decomposition of manures. 
5.2.3.1.1 Using14C-labelling to trace carbohydrates in soil 
14C-labelled carbohydrates, such as glucose (Cheshire et al., 1969; Martin et al., 1974; 
Amato & Ladd, 1992), starch (Cheshire et al., 1969), cellulose (Martin et al., 1974) and 
whole plant material (Martin et al., 1974; Ladd et al., 1985; Amato & Ladd, 1992; Nelson 
et al., 1996) have been utilised to trace C inputs to soils. Cheshire et al. (1969) established 
that the 14C from glucose and starch was rapidly distributed to galactose and mannose, 
sugars of largely microbial origin. Martin et al. (1974) also found that most 14C was 
associated with carbohydrates in the `fulvic acid fraction' or amino acids in the `humic 
acid fraction'. Ladd et al. (1985) and Amato & Ladd (1992) demonstrated that 14C from 
labelled glucose was highly correlated with the clay fraction and assumed that 14C decay 
rates were decreased in soils which have a greater capacity to protect the decomposer 
population. 
5.2.3.1.2 Using 13 C-labelling to trace carbohydrates in soil 
Most studies using solid state 13C NMR spectroscopy to observe changes in organic 
chemistry during decomposition have consistently demonstrated that polysaccharides are 
the first materials to be affected (Skjemstad et al., 1997). The 13C NMR technique is 
described in Section 1.6.4. Incorporation of simple 13C-labelled substrates can also be 
followed using this method. Because the 13C nucleus has a natural abundance of only 
1.1%, additions of only small amounts of 13C-labelled materials can significantly increase 
the number of 13C nuclei in the sample to the extent that the resultant NMR signal is almost 
entirely derived from the 
13 C-labelled substrate (Skjemstad et al., 1997). Hopkins et al., 
(1997) followed the decomposition of 13 C-labelled Lolium perenne litter in a podzol soil in 
vivo: 60% of the O-alkyl signal was lost over 224 d, and additional work showed that the 
majority of 13C-labelled glucose was incorporated into structural alkyl components of 
microorganisms (Webster et al., 1997). Baldock et al. (1989) found that of the 35% of 
13C-labelled glucose remaining in a fine sandy loam after 34 d, two-thirds was in the 0- 
alkyl fraction, a quarter was in the alkyl' fraction, and the remainder in the carboxyl 
fraction, again indicating some incorporation and metabolism of the glucose carbon by the 
SMB. 
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In a similar fashion to the 14C studies described above, Aoyama et al. (2000) added 13C- 
labelled glucose to soil and found that the majority became associated with the microbial 
biomass in soil macroaggregates after 14 d, where manure-derived OM accumulated as 
both mineral-associated and POM. Lichtfouse et al. (1995) found that C14 - C18 n-alkanoic 
acids extracted from soil were significantly 13C-enriched after incubating a soil with 13C- 
labelled D-glucose (- +500 /oo), and inferred that a proportion were synthesized by 
microorganisms directly from the hexose. 
Although substances artificially labelled with 13C and 14C have shown similar fates of 
saccharides in a wide range of soils, little is known about the behaviours of individual 
monosaccharides comprising the complex carbohydrate inputs to soils. GC-C-IRMS has 
been utilised to trace the sources of individual carbohydrates during diagenesis of OM in 
peat (Macko et al., 1991), in surficial and buried sediments (Moers et al., 1993), and in the 
carbohydrate moieties of glycolipids from sediments (Damste et al., 2001). Docherty et al. 
(2001) developed a reliable method to prepare monosaccharides as alditol acetates for GC 
analysis, and thereafter to correct for added C from the derivatisation procedure and kinetic 
isotope effects, and this method has been applied to explore the fate of natural abundance 
13C-labelled dung carbohydrates in a temperate grassland soil in this project. 
5.3 Aims and objectives 
Carbohydrates constituted about 80% DW of C4 dung and are considered to be highly 
susceptible to mineralization in the soil. Due to the high carbohydrate content of dung, it 
was hypothesised that these major compounds were largely responsible for the fluxes of 
bulk dung13C in the dung-treated soil. Therefore, the objectives of this chapter were to: 
1. Quantify losses from the dung and gains in the soil of major monosaccharides using 
GC of the alditol acetates of the acid hydrolysis products of dung residues and soil. 
2. Utilise GC-C-IRMS to track the movement of dung monosaccharides in the surface 
horizons of a soil over 372 d against a significant background input of plant-derived 
carbohydrates contributed to the soil over the growing season 
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5.4 Carbohydrate analysis of C4 dung treated soils over one year 
C4 dung (S13C = -12.69. o) was used to treat a plot of C3 temperate grassland soil (S13C =- 
30.3%. o). Dung residues and underlying soils were sampled on seven sampling occasions 
over 372 d. On each occasion, the experimental dung pats were removed using a metal 
grid and a core of soil taken directly beneath. This was divided into 0-1 cm and 1-5 cm 
increments. Both dung residues and soils were oven dried and milled for analysis. Bulk 
S13C values of the soils indicated that a maximum of 12% of the applied dung C was 
incorporated into the soil after 112 d, which declined thereafter (Fig. 3.10). Since 
carbohydrates constitute ca. 80% of the dung (Fig. 4.6) it was hypothesised that 
carbohydrates from dung would be largely responsible for the changes in bulk 813C values 
in the soil (Fig. 3.5 & 3.7) and dung residues (Fig. 3.3), especially due to their actual or 
potential solubility and availability to soil microbes as an energy source. Quantification of 
total carbohydrates was performed by extraction of monosaccharides using acid hydrolysis 
and derivatisation to their alditol acetate forms which were subjected to GC and GC-C- 
IRMS analyses. Identification of individual monosaccharides was performed by 
comparison of retention times defined by GC analysis of a range of monosaccharide 
standards. All experimental methods are given in Chapter 2. 
5.4.1 Carbohydrate analysis of the C4 dung surface residues 
In Chapter 4, biochemical characterisation revealed that carbohydrates formed the largest, 
most 13C-enriched fraction of C4 dung. Compound-specific GC-C-IRMS determined a 
range of 813C values for individual monosaccharides within the fraction. The pie chart 
below (Fig. 5.4) summarises these findings. Xylose and glucose were the most abundant, 
accounting for ca. 75% DW of the dung. Arabinose and galactose were minor components 
of the dung, comprising 0.06 g g" and 0.01 g g'1 DW, respectively. Mannose, fucose and 
rhamnose were negligible. Up to 30% of the dung sugars were in a soluble form (Fig. 4.7). 
The bulk 513C value of the dung was -12.660, and the A13C values between bulk and 
individual monosaccharide varieds between 1 and 9%w (Fig. 4.11). 
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Figure 5.4 Proportions of monosaccharides in C4 dung used to treat a C3 temperate 
grassland soil at IGER-NW, Devon, UK, with 8'3C values for each monosaccharide as its 
alditol acetate determined using GC-C-IRMS. 
5.4.2.1 GC quantification of monosaccharides from surface dung residues 
Total carbohydrates as their monosaccharide components were extracted using acid 
hydrolysis from only one C4 dung residue remaining at the surface at seven sampling 
occasions over 372 days, from April 2002. The monosaccharides were quantified as sugar 
alcohols using GC and their individual &3C values were determined using GC-C-IRMS. 
One week after deposition the amount of xylose, glucose, arabinose and galactose 
remaining in the surface dung residues had fallen significantly by 67%, 63%, 59% and 
45%, respectively. This was in spite of a resistant crust that formed on top of the 
experimental dung pats in the first week after deposition. The monosaccharides derived 
from the more labile hemicellulose (xylose and arabinose) and pectin (galactose) cell wall 
matrix materials showed major losses at t=7 of ca. 60% or more. Previous work had 
revealed that about a fifth of arabinose, two-fifths of xylose and a third of galactose were 
soluble in cold water (Fig. 4.7), and, therefore, liable to immediate leaching from the dung 
pat. However, the losses of arabinose and xylose were almost twice that lost during cold 
water extraction, and galactose was also reduced by an additional 23%, indicating that 
active mineralization of hemicellulose and pectin had taken place within the dung pat 
during the first 7 days. These matrix polysaccharides are a major source of energy for 
microorganisms, and several anaerobic bacterial and fungal species derived from the 
144 
Chapter 5 Fate of dunj-derived carbohydrates in soil 
rumen have been found to be viable in manures for a period after defaecation (Van Soest, 
1994; McGranaghan et al., 1999; Ouwerkerk & Klieve, 2001) in conjunction with aerobic 
coprophilous fungi that germinate in dung after their spores are voided with the faeces 
(Webster, 1970). Dijkstra et al. (1998) attributed an increase in the hexose: pentose ratio 
with soil depth to the preferential decomposition of pentoses by white rot fungi. It is 
possible that the 'sealing' of the dung pats under the dry crust prolonged the survival of the 
anaerobic microbial population. Glucose, which comprised a 50% cold water extractable 
fraction, was reduced by this proportion during the first week, indicating that the remaining 
half was in a more recalcitrant form and less available to the decomposing organisms 
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Figure 5.5 Arahinose. xylose, mannose, galactose and glucose monosaccharide 
content (µg g1 DW) extracted from fresh C4 dung (t = 0) and surface dung residues at t= 7, 
14,28,56,112,224 and 372 after treatment (n = 1). 
From t=7 to t= 14 the most significant reductions were seen in the galactose and glucose 
monomers which decreased in concentration by 15 - 16% each, whilst the hemicellulosic 
pentoses were reduced by only around 6% of their original mass. Although hemicellulose 
is more labile than cellulose, it appears to be the major interface between lignin and other 
carbohydrate moieties in the cell wall (Jung & Ralph, 1990; Casler & Jung, 1999; Hatfield 
et a!., 1999; Malherbe & Cloete, 2002) and is likely to be physically protected against 
degradation by this association. Therefore, only hemicellulose less closely associated with 
400000 " --t- 
arabinose 
ý- xylose 
350000 -- mannose 
galactose 






0 50 100 150 
145 
Chapter 5 Fate of dune-derived carbohydrates in soil 
lignin may have been affected in the first two weeks, whilst the supposedly more stable 
cellulose continued to be degraded into the second week. The concentration of galactose 
increased in the dung pats between t=7 and t= 14. This monosaccharide can originate in 
cow dung derived from pectin and galactolipids, as a by-product of lactation, or microbial 
detritus. At t= 14, mannose was observed in the dung pats for the first time, at 1459 µg g- 
1, so it was presumed, therefore, that the dung sugars were recycled by microbial 
resynthesis within the dung residue. Indeed, Cheshire et al. (1969) found that the 14C-label 
from glucose was rapidly distributed to microbial galactose and mannose in soil. 
Over the ensuing 14 d, until I= 28, all monosaccharide concentrations decreased in the 
dung. Arabinose displayed only a 2% DW reduction, whilst glucose and xylose were 
reduced by 15% and 10%, respectively, and were then present in the dung in similar 
concentrations (85 x 103 and 82 x 103 tg g"1, respectively). These two major 
monosaccharide constituents continued to diminish in parallel thereafter, suggesting that 
the process of decomposition was affecting hemicellulose and cellulose in the dung 
residues at the same rate. Although the necessary microbial consortium for the 
decomposition of these more recalcitrant components of the cell wall exists in the soil, the 
efficiency of colonisation of the dung residues by non-mycelial aerobic microorganisms 
may be restricted by the `suspension' of compounds in the dung pat above the soil surface. 
This physical isolation may be partially overcome by the activity of soil invertebrates, such 
as earthworms, dung beetles and fly larvae, but their capacity to influence dung 
decomposition by microbes has not been determined. Galactose and mannose exhibited 
the largest losses, of 21% and 30% respectively, between 14 and 28 d, possibly due to the 
demise of the remaining anaerobic microbial population and the reduced availability of 
labile substrates. PLFA analysis of the dung residues was not carried out in this project, 
but would reveal the abundance of decomposing microorganisms over time. Overall, 
during the first month following deposition, initial losses for all monosaccharides from the 
dung pats were between 65 and 80%. 
At the next sampling occasion, t= 56 in June 2002, a further 10% of dung residue DW was 
lost in the form of arabinose, xylose and glucose, and 17% from the galactose, leaving 
<20% of the initial concentrations present in the dung at t=0. This major loss of 
carbohydrates was influenced by the unseasonably heavy rain at t= 31 when the maximum 
incorporation of dung C was estimated based on bulk 813C values (Fig. 3.10). The force of 
the rain event was probably sufficient to wash recalcitrant lignocellulosic POM out of the 
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dung pat. A further decrease in mannose abundance to around half that found at t= 14 
might attest to the inaccessibility of the remaining dung saccharides, as ON ratios of 
around 20 implied concentrations of N were not limiting at this time (Fig. 3.4). 
Between t= 56 to t= 112 (August) further slower but steady losses from the remaining 
dung carbohydrate residues continued at an average of 1.5% per week. Four months after 
the start of the field experiment, only 5% (21 x 103 pg g71) and 7% (25 x 103 pg g"1) of the 
major dung monosaccharides, xylose and glucose, respectively, and 12% of arabinose 
(6003 pg g'') remained in the dung residues. Relatively, galactose was still abundant: 21% 
(2467 pg g-') of its initial value was detectable at t= 112. As mentioned previously, 
galactose abundance may be related to microbial activity in the residues, also indicated by 
the increase in mannose to its highest levels (1713 pg g71). The proximity and availability 
of the remaining dung residues to the aerobic soil population would have increased during 
the wet summer (Fig. 3.10), and SMB activity would be promoted by higher summer 
temperatures and root exudate production. Amelung et al. (1999a) found that microbial 
carbohydrate production was promoted by a warmer climate. 
At t= 224 (December) the dung was visually indistinguishable from the top soil, but was 
taken to be the material remaining above the metal grid utilised in the field experiment 
(Fig. 2.3a). The quantities of arabinose, xylose and glucose were <95% of their original 
concentrations, though these were still significant concentrations: 2646 µg g'', 4746 Vg g"' 
and 8600 pg g', respectively. The provenances of these were disputable as senescent plant 
material would have contributed to the soil carbohydrate load at this time. Galactose 
concentration (1630 pg g'1) had actually increased by 5% of its t= 112 value, and mannose 
exhibited a similar value (1039 pg g'1), suggesting that, even in winter, microbial activity 
in dung residues continued, probably in response to the senescent vegetation input. Figure 
5.6 shows the hexose: pentose ratio, i. e. (gal + man)/(ara + xyl) (after Oades, 1984), utilised 
to differentiate between plant and microbial sugar contributions to soils (Murata et al., 
1998; Amelung et al., 1999a; Ghani et al., 2003). The ratio in the dung residues remained 
below 0.5 for the whole experiment and implied plant input was the major source of 
carbohydrates, but exhibited a steady rise from 0.05 at t= 56 to 0.4 at t= 224, indicating 
an increasing microbial provenance. 
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Figure 5.6 The hexose: pentose ratio, i. e. (gal + man)/(ara + xyl) (after Oades, 1984) for 
C4 dung residue (n = 1) monosaccharides over one year. < 0.5 = plant input; > 2.0 = 
microbial input. 
At the end of the experiment, 372 d after the dung was deposited, the concentrations of 
carbohydrate in the residue above the metal grid (which was not visually distinguishable 
from the Ah horizon) were 93% to 99% less than at t=0. Glucose was still the most 
abundant component (6373 µg g"1), followed by xylose (3601 µg g1) and arabinose (1755 
P9 g'). If these were indeed the remnants of dung carbohydrates from the previous year, 
they must be in the most recalcitrant form, complexed with lignin, or associated with the 
microbial biomass or the mineral fraction of the silty clay soil. Mannose (438 µg g-) and 
galactose (781 pg g') were much reduced in concentration, perhaps demonstrating that the 
cooler spring temperatures and reduced supplies of carbohydrate and nitrogen had affected 
abundance of the SMB. The C: N ratios of the dung residues were the same as the control 
soils on this final sampling date (Fig. 3.4). PLFA indicators of the microbial population in 
the dung residues were not analysed so no direct evidence to support the suppositions 
regarding these `microbial' saccharides was available. 
The GC analysis of the monosaccharides extracted from C4 dung residues showed an 
overall reduction in DW (µg g-1 dung) over 372 d. It appeared that, after losses of the cold 
water soluble fraction of simple sugars by leaching, the more labile pectin and 
hemicellulose derived monosaccharides (galactose, arabinose and xylose) declined more 
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rapidly over the first two weeks than the cellulose derived. As up to two-thirds of the 
carbohydrates were lost within the first week after deposition, it would have been useful to 
have monitored the immediate loss of soluble compounds from the dung during the hours 
and days of the first week. Glaser et al. (2001) determined a nearly 2%o increase in 813C 
values in the top 2 cm of soil treated with C4 slurry after two hours, which decreased to 
pre-application 813C values after two days. Xylose and glucose dominated the dung 
residues and their content remained significant compared to the concentration of other 
dung components at the end of the year, though reduced by 99% and 98%, respectively. 
The incidence and continued presence of mannose after t= 14, and the increase in 
galactose at t= 224, seemed to indicate fluctuations in microbial activity in the dung 
residues. After t= 14, loss of monosaccharides derived from cellulose and hemicellulose 
slowed and continued to decline steadily for the rest of the experiment. The minor sugar 
galactose increased at 1= 14, and mannose appeared, suggesting a resynthesis of sugars 
within the dung pat by the remnants of the anaerobic microbial population from the gut of 
the cow. These two components continued to fluctuate in concentration for the remainder 
of the year apparently in response to varying environmental conditions and seasonal 
vegetation inputs. Although the progress of decomposition of dung carbohydrates 
appeared to be simple and predictable, the input of carbohydrates from vegetation at the 
field site cannot be accounted for. Therefore, the application of compound-specific C 
isotope analysis was necessary to correctly interpret the GC quantification of 
carbohydrates in the dung residues. 
5.4.2.2 Compound specific C isotope analysis of surface dung residues 
Changes in 813C values in organic substrates can be caused by: 
1. Loss of soluble 13 C-enriched forms of compounds (Gleixner et al., 1993). 
2. Loss of lighter 12C as '2C02 during respiration (Bird et al., 2003; Krull et al., 
2004). 
3. Dilution of the Ca signal by mixing with C3 components. 
The results of the compound-specific C isotope analysis of the C4 dung residues thus 
presented a dataset that was viewed in the context of the likelihood that one or more of 
these processes may have influenced the 813C value of a particular compound at t=n. 
5.4.2.2.1 Glucose in dung residues 
The &'3C values determined for glucose in the dung residues showed a decline in tandem 
with concentration from commencement of the experiment until t= 28 (Fig. 5.7). The loss 
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of soluble glucose may have made a disproportionate contribution to this loss as non- 
structural glucose is known to be up to 4°%o enriched in 13C (Gleixner et al., 1993). In 
addition a possible loss of a more 13C enriched pool of glucose, such as microbial debris, 
could have been important. 
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Figure 5.7 6''C ( ) and g g-' DW. values of glucose as its alditol acetate extracted by 
acid hydrolysis from C4 dung surface residues (n = 1) at t=7,14,28,56,112,224,372. 
At t= 56 the 613C value increased by 4.5°ßw. This increase in 613C values may have been 
caused by microbial respiration of the dung glucose due to an increase in temperature and 
moisture leading to a loss of'2CO2. An alternative explanation might be that some of the 
glucose in the dung residue up until this point was derived from underlying C3 vegetation 
(813C = -30%o), crushed under the cow pat at deposition. After the heavy preciptiation at t 
= 31, the remnants of this C3 input may have been washed into the soil, leaving the 
relatively 13C-enriched structural C4 dung components in the residues. Between t= 56 and 
t= 112 the dung residue glucose 613C values declined due to increased mineralization of 
the dung by colonizing soil microorganisms, bioturbation by soil invertebrates and dilution 
from C3 input originating in lodging vegetation in the late summer. At t= 224, when no 
dung remained visible at the soil surface, the 613C value (-21 %. o) of the dung residue 
glucose had decreased to values less than the control soil at this time (813C = -106o). This 
unexpected result may have been caused by a priming effect (Bol et al., 1999a; Fontaine et 
al., 2004; Kuzyakov et al., 2000), whereby stimulation of the SMB by dung N and 
available substrates caused not only the dung glucose to be respired, but also the native 
source creating a pool of glucose with a depleted 613C value. However, six months later, 
the glucose from the `residues' above the experimental metal grid exhibited a 813C value of 
-14%o, and the control soil a 
813C value of -18°x. 0, indicating that bioturbation by soil 
invertebrates had reintroduced dung-derived glucose conserved in the clay fraction to the 
soil surface. 
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5.4.2.2.2 X Tose in dung residues 
The pattern of change in concentration for xylose over 372 days (Fig. 5.8) was similar to 
glucose suggesting that the rates of decomposition of cellulose and hemicellulose are 
comparable in cow dung residues. Hemicellulose is closely associated with lignin in the 
plant cell wall, and ruminant degradation of uncomplexed hemicellulose is efficient. 
Therefore, xylose in hemicelluose in dung may be more recalcitrant than in plant residues, 
and more similar to cellulose. However, the xylose 613C values remained relatively 
constant until t= 112 suggesting that its source might be more conservative than that of 
glucose. 
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Figure 5.8 613C (") and g g' DW. values of xylose as its alditol acetate extracted by acid 
hydrolysis from C4 dung surface residues (n = 1) at t=7,14,28,56,112,224,372. 
Xylose extracted from the dung residues after one week had a 613C value of -15%. o 
compared with an initial value of -10%0, suggesting a similar loss of 13C-enriched soluble 
sugars to glucose. However, xylose is synthesized from nucleotide sugars in the 
endoplasmic reticulum (see Section 5.2.1.1), and should not exist in a differentially 
enriched form analogous to glucose. Seven days later, unlike glucose, the xylose 
recovered its initial 613C value (-11.6°%) suggesting that any non-lignified xylose from C3 
grassland vegetation crushed beneath the pat was quickly decomposed and lost from the 
residue. Until t= 112, xylose maintained a S13C value of around -13°ß. o, although a 
significant decline in concentration was apparent. However, at t= 224, after four months, 
xylose in the remaining (invisible) dung residue had a 613C value of -19.0, a depletion of 
around 7% that may have been due to mixing with native C3 xylose. Unlike glucose, 
xylose remained 1% enriched compared to the underlying soil at this time. But, in a 
similar fashion to glucose, after 372 d the value of the residue above the grid had increased 
by 3%o suggesting that this saccharide had been similarly reintroduced to the surface of the 
soil. 
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5.4.2.2.3 Arabinose in dung residues 
Arabinose is derived mainly from hemicellulose, but did not show the same pattern of 13C 
depletion as xylose in the dung residues. The fluctuation at t=7 in xylose, caused by 
probable Cz vegetation input, was absent in the arabinose residues (Fig. 5.9). GC analysis 
revealed that arabinose was a slightly larger component of C4 Zea mays silage than C3 
silage. Therefore, inputs from underlying C3 vegetation which appeared to have attenuated 
the C4 signature of glucose and xylose at the beginning of the experiment may have been 
of insufficient quantity in the C3 vegetation to affect the dung residue arabinose 613C value. 
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Figure 5.9 (i' 'C (") and g g'dry % t. values of arabinose as its alditol acetate extracted by 
acid hydrolysis from C4 dung surface residues (n = 1) at t=7,14,28,56,112,224,372. 
Whilst xylose 813C values recovered and plateaued until t= 112, there was a gradual 
depletion in arabinose concentrations for the first four months from -7 /oo to -15°ß. o, 
explained by supposed microbial respiration of 12C over the heavier isotope (Bird et al., 
2003; Krull et al., 2003). It may be that the glycosidic bonds between ß-1,4-D-xylose and 
a-L-arabinose are more susceptible to degradation than those between ß-1,4-D-xylose 
molecules. Like glucose, 813C values for arabinose were 1°ß. o more 13C-depleted than the 
control soil (S13C = -22%o) at t= 224 when the largest depletion of 7°ß. o was observed. In 
parallel with the other monosaccharides, the dung residue arabinose 613C value had 
increased by 4%o at t= 372, suggesting the reintroduction of 13C-enriched dung arabinose 
source to the soil surface. 
5.4.2.2.4 Galactose in dung residues 
The provenance of galactose in dung is diverse and may be pectin, galactolipid, or 
components of both bacterial and plant cell walls such as galactomannan, or from the 
hydrolysis of lactose in the recently lactating cattle. The fluctuations in 813C values of the 
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galactose in the dung residues would certainly seem to attest to a multifarious origin (Fig. 
5.10). 
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Figure 5.10 (i' `C (") and g g-'dry wt. values of galactose as its alditol acetate extracted 
by acid hydrolysis from C4 dung surface residues (n = 1) at t=7,14,28,56,112,224,372. 
The initial reduction in 613C value of 2°%o with concurrent large loss of DW between t=0 
and t=7 could have been due to the microbial respiration of soluble, pectin-derived 
galacturonic acid. A subsequent increase in the amount of galactose in the dung residues 
implied a growth in the microbial population in the dung residues over the next two weeks. 
However, this was accompanied by a depletion in 13C of 13%o indicating that the microbes 
were using a reletively 13C-depleted substrate within the dung to synthesise biomass. 
However, an increase in 613C values of galactose from -26%o to -17%o in the following 6 
weeks until t= 56, with a concurrent decrease in amount of galactose, suggests that this 
microbial population declined as the labile sources of dung C were exhausted and N levels 
dropped, washed out in the heavy rainfall at t=31, leaving a smaller concentration of ' 3C- 
enriched plant-derived galactose in the residues. The rainfall may also have served to 
remove the 13 C-depleted microbial biomass from the residues. However, at t= 112 another 
large 996o depletion in 13C, coincident with an increase in concentration, would imply 
another increase in the microbial population had occurred due to the rise in summer 
temperatures, or inputs from C3 vegetation. By t= 224, the 613C value of galactose in the 
dung residue had fallen to -33ß'. o, 10%. o less than the control soil at this time. It can only be 
presumed that the microbes in the remains of the dung residues were using a very 13C- 
depleted C source, such as C3 lignin or lipids and transforming them to galactose. The 
following spring, at the end of the experiment, there was a slight increase in the galactose 
613C values, but these remained 10%. o more depleted than the control soil. This suggests 
that all of the enriched galactose from the dung had been utilised, and that the remainder in 
the dung residues were from the SMB that had utilised C3 lignin or lipids. 
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5.4.2.2.5 Mannose in dung residues 
The concentration of mannose in dung was negligible (Fig. 4.5). Although mannose is 
found in some hemicelluloses, it is a minor constituent of Zea mays; Jung et al. (2000) 
determined that mannose constituted only 0.009% of the plant cell wall of Zea mays stems. 
Due to the scarcity of mannose in fresh dung, its origin in dung residues is likely to be 
microbial (Cheshire et al., 1969; Amelung et a!., 1999a) derived from the cell walls of 
fungi and capsules of bacteria. Comparison of the mannose and galactose concentrations 
and 6'3C values would seem to support the notion that the galactose in the dung residues 
was also predominantly of microbial origin as the pattern of concentration and 613C values 
was very similar, including the strong 13C-depletion after 372 d (-26%o) compared to the 
control soil value (-18%0). However, the mannose 813C values lagged behind those of the 
galactose, e. g. the major 13C-enrichment occurs at t= 56 in galactose, and t= 112 in 
mannose (Fig. 5.11). This may, therefore, correspond to the functioning of two microbial 
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Figure 5.11 6"C (A) and g g'dry wt. values of mannose as its alditol acetate 
extracted by acid hydrolysis from C4 dung surface residues (n = 1) at t=7,14,28,56,112, 
224,372. 
The S13C values of each monosaccharide extracted from the dung residues over 372 d 
showed similarities between the most abundant compounds, glucose, xylose and arabinose, 
the largely plant cell wall derived monosaccharides, and the minor `microbial' 
monosaccharides: galactose and mannose. The application of GC-C-IRMS was essential 
to track the carbohydrates from the dung pats after the residues had become 
indistinguishable from the top soil, and showed a surprising reintroduction of sequestered 
dung carbohydrates to the soil surface 372 d after deposition. In addition, this study 
revealed the behaviour of S13C values of an organic input in situ but more-or-less isolated 
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from the soil, and has shown that a decline in13C does not necessarily imply a reduction in 
concentration. 
5.4.2.3 Summary: Carbohydrate analysis of dung residues 
GC quantification of dung residue sugars showed that the major plant cell wall-derived 
monosaccharide components of dung, i. e. xylose, glucose and arabinose, displayed 
exponential decay over one year, so that at t= 372 less than up to 97% of their initial dry 
weight lay above the metal grid beneath the experimental cowpats. The 813C values of 
these three sugars also demonstrated predictable fluxes, and appeared to be influenced by 
initial leaching, on-going microbial respiration and eventual mixing with the grassland soil 
after 8 months. However, unexpectedly, there was an increase in 813C values at the end of 
the experiment that suggested a reintroduction of dung monosaccharides to the 0 horizon. 
It was suspected that a source sequestered in the top soil had been returned to the surface 
by bioturbation. 
The minor sugars, galactose and mannose, displayed fluctutations in concentration and 
613C values that indicated a multifarious provenance in the dung, and, subsequent synthesis 
in microorganisms that responded to environmental variation through the seasons. 
5.4.2 Carbohydrate analysis of C4 dung treated soils 
The major monosaccharides in the C4 dung used to treat soils in the field experiment at 
IGER-NW in 2002 were xylose, glucose, arabinose and galactose. Investigation of the 
dung residues remaining at the soil surface over 372 d showed that mannose concentrations 
also became significant. Therefore, the fate of these five monosaccharides was followed in 
the top 5 cm of the soil. Total extraction of carbohydrates as their monosaccharide 
components was achieved using acid hydrolysis, followed by derivatisation to their alditol 
acetates and quantification by GC analysis against a pentaeryritol internal standard. 
Table 5.2 presents the A13C values (S13C value of the compound from C4 treated soil minus 
8'3C value of the compound from C3 grassland soil) for each monosaccharide. 
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Table 5.2 A13Ctreated-control values (%o) of glucose, xylose, arabinose, galactose and 
mannose (n = 3) in the 0-1 and 1-5 cm soil horizons beneath C4 dung pats at t=7,14, 
28.56.112.224 and 372 after deposition on a temperate grassland surface. 
e'3C (%0) 
Glucose Xylose Arabinose Galactose Mannose 
t 
0-1 cm 1-5 cm 0-1 cm 1-5 cm 0-1 cm 1-5 cm 0-1 cm 1-5 cm 0-1 cm 1-5 cm 
7 0.1 0.7 2.4 2.3 0.7 1.3 1.3 0.5 2.1 1.9 
f0.8) +1.7) f0. ±1.7 ±0.4 ±0.5 ±0.8 ±0.5 ±1.2 ±0.5 
14 1.7 0.1 2.1 1.7 -0.6 1.1 4.1 1.0 0.2 0.6 
1-0.7) ±0.3 ±0.5 (: k1.7) ±0.2) (+1.6) ±0.6 ±0.2 ±0.4 ±0.4 
28 2.6 2.3 3.2 1.4 1.1 0.7 4.3 4.6 0.8 2.2 
(+0.5) +0.4) ±0.7 ±0.2 (: k1.0) ±1.0 ±3.0 (: k1.4) ±0.9 ±0.3 
56 10.9 7.9 9.6 5.8 6.4 2.7 4.9 6.9 3.8 4.7 
(*1.1) +2.6) ±5.3 ±4.0) ±0.8 ±0.9 ±1.4 (±2.6) ±0.2 ±2.0 
112 3.9 0.2 4.7 0.9 1.6 1.1 3.9 8.6 1.9 0.5 
X5.3 +2.2) +6.2 (±4.1) ±0.8 ±0.1 +0.5 +1.2 ±1.0 ±0.2 
224 2.2 2.9 2.7 1.9 0.1 1.1 1.2 9.5 5.5 1.3 
10.42 ±1.25 +1.3) ±0.9 ±0.4 ±0.4 +3.7 (±9.8 (+0.6) +1.8 
372 6.6 1.7 7.2 2.8 2.6 1.1 2.5 7.4 1.7 0.8 
(f 1 . 0) 
(+0.3) (+2.0) (±0.1) (±2.3) (±0.4) (±1.7) (±4.3) (t 1 . 9) 
(f 1.0) 
In order to understand the origins of each monosaccharide in the soil profile, the 813C 
value was used to calculate the specific contribution from dung: glucose, xylose, arabinose 
and galactose, as a percentage of the fresh dung value (Table 5.3). The concentration of 






where, D,,, oos = concentration 
(µg) of dung-derived monosaccharide in the soil 
813Cood = 6'3C value (%o) for fresh C4 dung 
813Cmoos = 813C value (96o) of soil amended with C4 dung at time t 
Conc. os = concentration 
(µg) of monosaccharide in the soil at time t 
The calculation relied on the assumption that total replacement of native C3 
monosaccharides in the soil by C4 dung monosaccharides would give soil monosaccharide 
813C values equivalent to the 813C value of monosaccharides in fresh dung, and did not 
account for the existence of differential 
13C-enrichment within the individual 
monosaccharide pools. The C4 dung monosaccharide concentration was then used to 
calculate the % of dung monosaccharide in the soil as a proportion of the concentration in 
the fresh C4 dung. As the amount of mannose in the dung was negligible, the mannose 
8'3C values were used to calculate the concentration of dung mannose in the soil only. 
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Table 5.3 Concentrations (µg g"' DW soil) of dung glucose, xylose, arabinose, galactose 
and dung-derived mannose (n = 3) in the 0-1 and 1-5 cm soil horizons beneath C4 dung 
pats at t=7,14,28,56,112,224 and 372 after deposition on a temperate grassland 
surface. 
µg g'' DW soil 
t Glucose 
0-1 cm 1-5 cm 
Xylose 
0-1 cm 1-5 cm 
Arabinose 
0-1 cm 1-5 cm 
Galactose 
0-1 cm 1-5 cm 
Mannose 
0-1 cm 1-5 cm 
7 1133.45 965.24 1758.47 2439.78 1538.21 1194.26 982.10 1197.77 353.47 254.55 
14 1983.64 1722.14 3914.24 3548.57 2128.75 2040.01 1784.11 2123.52 527.65 624.67 
28 3001.45 1190.51 10999.37 3235.77 3892.09 1611.38 2958.62 1566.59 554.32 419.29 
56 6832.63 2768.22 18206.08 6419.17 4596.50 2608.93 2521.05 2422.23 491.32 501.30 
112 4188.04 2107.14 11091.08 4680.07 3484.49 2255.04 2577.35 1939.67 588.80 604.20 
224 8784.23 883.29 16027.03 2020.03 5635.11 1185.21 4154.00 671.61 1789.54 181.63 
372 4544.95 1160.74 9504.72 2682.59 4745.61 1244.45 2670.71 1044.28 1005.29 192.47 
5.4.2.1 Dung glucose in the soil 
Figure 5.12 illustrates the relationship between % dung glucose incorporation and the 
fluxes in 6'3C after application of C4 dung to the C3 soil. Although glucose formed a 
considerable fraction of the dung carbohydrate pool (Fig. 5.4), contributing 0.35 g g' DW 
of the C4 dung, a maximum of 2.5% (8784 µg g''; t= 224) and 0.8% (2768 µg g''; t = 56) 
were determined in the 0-1 cm and 1-5 cm horizons, respectively, on individual sample 
dates. This implied that dung glucose incorporated into the top 5 cm of the soil surface 
was rapidly mineralised, resynthesised to other compounds or leached from the profile. 
More frequent sampling intervals were needed to fully explore the fate of glucose, perhaps 
even hourly measurements immediately after deposition. Nevertheless, longer term 
sampling revealed some interesting patterns of dung glucose incorporation. Predictably, 
until t= 56, the A13C values followed the % dung glucose incorporation, symptomatic of a 
gradual flux of C4 dung glucose into the top 5 cm of the soil, promoted by the formation of 
the resistant crust on the dung surface. An increase in dung glucose concentration of 46% 
in the 0-1 cm horizon and 65% in the 1-5 cm horizon, to quantities of 6833 µg g"1 and 
2768 gg g 1, respectively, with attendant elevation of A13C values of around 8%o in the top 
centimetre, and 6%w in the I-5 cm horizon, was driven by a heavy rainfall event at t= 31 
(Fig. 3.10). The downpour presumably caused a physical disturbance of the dung crust 
followed by rapid leaching of remaining soluble and particulate glucose sources from the 
dung pat. Thirty percent of dung glucose was shown to be soluble in cold water in an 
earlier experiment (Fig. 4.7). 
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Figure 5.12 'o incorporation of dung-derived glucose and A13C between C4 dung treated 
soil and control (no dung) soil (n = 3) in the 0-1 cm (") and 1-5 cm ( ) soil horizons. 
Between t= 56 and t= 112, the concentrations and A'3C values of the dung glucose 
declined in parallel suggesting that the concentration of glucose input from the remaining 
dung residue was exceeded by loss from the soil. However, at t= 224 there was an 
increase in glucose in the 0-1 cm horizon to its maximum concentration (8784 µg g 1) 
accompanied by a decrease in A13C values of 11%o which also coincided with the visual 
disappearance of the dung residue at the soil surface. This implied that the soluble forms 
of dung glucose, i. e. simple sugars, fructans and starch were now exhausted leaving a 
relatively "C-depleted source of dung glucose in the 0-1 cm, i. e. the more recalcitrant 
cellulose remaining in the dung residue and 13C-enriched microbial sources. Soluble 
glucose is known to be <4% 
13C-enriched compared with secondary products such as 
cellulose (Gleixner et a!., 1993). In addition, senescent C3 plant material may have 
augmented the glucose concentrations and diluted the effect of remaining C4 dung 
material. The simultaneous reduction in concentration of dung glucose in the 1-5 cm 
horizon, with a coincident decrease in A13C values, adds credence to the assumption that 
the remaining glucose source in the upper horizon was in a form that resisted movement 
down the soil profile. These findings are in line with models of MRT (Paustian et al., 
1992) that predicted a residence time of <6 months for the `metabolic pool' of SOM that 
includes simple sugars and starch (Table 1.4). Surprisingly then, at the end of the 
experiment, the A' 3C values had increased by more than 4%o in both the 0 -1 cm and 1-5 
cm soil horizons. it is proposed that this phenomenon, analogous to the findings for the 
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dung residues at this time (Fig. 5.7), was caused by bioturbation due to the activity of soil 
invertebrates, which reintroduced supplies of dung glucose that had been sequestered 
within the soil matrix. The soil at the experimental site was 38% clay (< 0.2 µm), and 
several studies have shown that carbohydrates are associated with the clay fraction in the 
soil (Gregorich et al., 1995; Schmidt et al., 2002) and that glucose in particular is highly 
correlated with the clay fraction (Ladd et al., 1985; Amato et al., 1992). This may be due 
to organomineral complexing (Hassink et al., 1997; Kiem & Kögel-Knabner, 2002; Six et 
al., 2002) or existence as components of soil microbes (Guggenberger et al., 1994). 
5.4.2.2 Dung xylose in soil 
The pattern of incorporation of dung xylose and corresponding A13C values was very 
similar to that of glucose for the first two months (Fig. 5.13). An 29/00 increase in A13C 
values coincided with 0.3% incorporation into the top 0-5 cm of soil at t=7, followed a 
week later by an increase of around 1%. The causes of this movement into the soil may 
have been leaching of the liquid component of the dung and the activity of burrowing 
coprophagous insects, such as dung beetles and earthworms. The subsequent slight loss in 
quantity of dung xylose in the 1-5 cm horizon, recorded at t= 28, was probably a result of 
microbial mineralization of previously leached xylose. As with glucose, this effect was 
probably linked to the conservative effect of the resistant dung crust, preventing the 
physical movement of dung residues below the Ah horizon. The precipitation event before 
t= 56, so significant as a primer for glucose input, also caused a marked influx of dung 
xylose into the 0-1 cm horizon: about 20% of the dung xylose was found to be soluble in 
cold water (Fig. 4.7). At 6% of total dung xylose, this represented 24,192 µg g71 DW soil, 
the highest concentration of any dung carbohydrate determined in the soil during the 
experiment, and 4.5 times more than the concentration of glucose in the soil at the same 
time. There was also a coincident, but relatively minor increase in dung xylose 
concentration in the I-5 cm horizon to its highest percentage incorporation of just less 
than 2%, equating to 7732 pg gl DW soil. At t= 112, the proportion of dung xylose in the 
soil had been reduced by around half in the 0-1 cm horizon, and a third in the 1-5 cm 
horizon, with attendant reductions in 013C values of around 5%o in both horizons owing to 
the metabolism of the xylose by the SMB during the warm summer season. The decrease 
in the I-5 cm horizon brought A13C values to ca. 19. o, suggesting that all of the C4 dung- 
derived xylose had been exhausted in the lower horizon. 
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Figure 5.13 °o incorporation of dung-derived xylose and A13C between C4 dung treated 
soil and control (no dung) soil (n = 3) in the 0-1 cm (") and 1-5 cm ( ) soil horizons. 
At t= 224, a further decline in concentrations of xylose in the 1-5 cm was evident, but 
those in the 0-1 cm horizon were fairly static. The continued presence of xylose in the 
top centimetre implied that the monosaccharide was in a form that was not amenable to 
physical leaching down the soil profile or microbial decomposition. Unlike glucose, 
xylose is only found in one form, i. e. hemicellulose, that is more soluble in its pure form 
than cellulose, the recalcitrant source of glucose. However, hemicellulose is known to be 
major component of the interface between lignin and other carbohydrate components of 
the plant cell wall (Jung & Ralph, 1990; Casler & Jung, 1999; Hatfield et al., 1999; 
Malherbe & Cloete, 2002) and the remaining dung xylose in the latter stages of the 
experiment may have been physically protected from degradation by association with the 
chemically resistant polyphenol. On the last sample date (t = 372), as with dung glucose, a 
further decrease in percentage incorporation was determined, with a concurrent increase in 
A13C values of 4- 5960 in both the 0-1 cm and l-5 cm horizons. Isotopic fractionation 
against 13C during microbial metabolism of the dung residues (Bird et al., 2003; Krull et 
al., 2004) might augment the A13C value through loss of 12C as 12C02 during respiration. 
Xylose does not contain a known 13C-enriched form analogous to the 13C-enriched non- 
structural form of glucose (Gleixner et al., 1993). Observational evidence would suggest 
that that the contribution of C4 dung xylose to the top soil pool had increased through 
reintroduction of sequestered dung xylose by bioturbation. The depth of the organic layer 
of the dung-treated experimental plots had increased significantly by the end of the 
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experiment symptomatic of the action of soil invertebrates, suggesting that the relationship 
between manuring and invertebrate activity is key in improving soil quality. 
5.4.2.3 Dung arabinose in soil 
Arabinose is an important constituent of hemicellulose, but is present in substantially lower 
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Figure 5.14 0o incorporation of dung-derived arabinose and A13C between C4 dung treated 
soil and control (no dung) soil (n = 3) in the 0-1 cm (") and 1-5 cm ( ) soil horizons. 
Arabinose contributed 50,561 µg g-1 to the DW of fresh C4 dung, which amounted to 12% 
and 14% of the DW of xylose and glucose, the major constituents of the dung carbohydrate 
pool. Arabinose, like xylose, is only found in plant hemicellulose and is not known to 
have isotopically distinct pools like glucose. The data displayed in Figure 5.14 illustrates a 
comparable pattern of incorporation into the top 5 cm of temperate grassland soil 
compared with the previous two plant cell wall derived monosaccharides. However, the 
percentage of arabinose that was within the soil was much larger: <11 % in the 0-1 cm and 
7% in the 1-5 cm at t= 56, and these relatively large values persisted throughout the 
experiment. This suggests that arabinose may be proportionally more associated with 
lignin than xylose, and therefore sequestered more effectively in the soil. Indeed, covalent 
cross-linkages between lignin and arabinose units of grass hemicellulose chains, formed by 
acylation of the primary hydroxyl at the C5 position of a-L-arabinofuranosyl residues by 
ferulic acid (Fig. 5.15; Jung & Ralph, 1990), are known to prevent enzymatic degradation 
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by positioning the lignin in proximity to cell wall polysaccharides (Casler & Jung, 1999; 
Hatfield et al., 1999). Once again, at t= 372 the trend towards increased A13C values after 
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Figure 5.15 Schematic representation of cross-linkage of hemicellulose to core lignin via 
ester-ether ferulic acid linked moiety (from Jung & Ralph, 1990). 
5.4.2.4 Dung galactose in soil 
Galactose was the lowest in abundance of the four major monosaccharides present in fresh 
C4 maize-derived dung, contributing 11,593 µg g-' DW dung. In the plant cell wall 
galactose is found in highly soluble pectin, and as a minor component of some 
hemicelluloses. Dung might also contain galactose ether-linked to an amino acid moiety in 
N-acetyl gal actosamine from bacterial cell surface glycoproteins, or as a by-product of 
lactation. Figure 5.16 plots concentrations and A' 3C values that displayed broadly similar 
trends in incorporation to the aforementioned monosaccharides, but with A13C values that 
suggested primary dung-derived or secondary resynthesised sources of the galactose in the 
0-1 cm horizon and I-5 cm horizon. Soil microorganisms resynthesise primary hexoses, 
such as glucose, into galactose and mannose (Cheshire et a!., 1969) that may be 13C_ 
enriched due to the preferential loss of 12C02 during respiration due to isotopic 
fractionation against the heavier isotope (Bird et al., 2003; Krull et al., 2004). 
HOHHOHHOH 
HHH 
OH HO OH HOHH 
H OH HnH OH 
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Figure 5.16 % incorporation of dung-derived galactose and A13C between C4 dung treated 
soil and control (no dung) soil (n = 3) in the 0-1 cm (") and 1-5 cm ( ) soil horizons. 
At t=7, percentage incorporation demonstrated that nearly 10% of the available dung 
galactose had already entered the soil, which had doubled by t= 14. Although the level of 
incorporation was far greater than that observed for the previous monosaccharides, the 
A13C values increased slowly, indicating a labile but conserved source of galactose, i. e. 
highly soluble pectin. However, at t= 28 a major increase, up to 26%, in the percentage of 
dung-derived galactose in the 0-1 cm, analogous to smaller increases in xylose, galactose 
and arabinose, but attended by no change in A' 
3C values, would suggest that additional 
dung had been incorporated but this had been tempered by production of microbial 
galactose synthesized from other dung carbohydrates in situ. At the same time the 
concentration of galactose in the 1-5 cm horizon had fallen but A13C values had increased 
in parallel with glucose, xylose and arabinose, suggesting that dung galactose was being 
mineralized. The rain event before t= 56 introduced 42% more dung galactose into the 1- 
5 cm horizon, coincident with an increase in A'3C values suggesting a dung origin. This 
trend continued in the lower horizon until t= 224 suggesting that dung-derived galactose 
was being mineralized in this horizon, causing a reduction in abundance with an 
increasingly enriched A13C value. In contrast, in the upper horizon % incorporation 
remained high, and reached a maximum of 33% at t= 224 when the dung residue was 
indistinguishable from the soil. At the same time, the A13C value continued to decrease 
suggesting that a 13C-depleted source of galactose had been introduced. A significant 
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decrease in the 613C value of the dung residue had also been determined at this time, and it 
was presumed that senescing vegetation had diluted any remaining dung residues at the 
surface of the soil. At the end of the experiment, the trends reversed in both horizons. In 
the 0-1 cm horizon, the % incorporation decreased by a fifth of the t= 224 value but the 
A13C value increased. At the same time in the 1-5 cm horizon, the concentration of dung- 
derived galactose increased, but the A'3C decreased. It is assumed that the reintroduction 
of sequestered dung galactose had augmented the A'3C values in the 0-1 cm horizon, but 
diluted the13C-enriched galactose in the 1-5 cm horizon. 
5.4.2.5 Dung-derived mannose in soil 
The concentration of mannose in the dung was negligible (Fig. 4.5), but the emergence of 
mannose with an obviously C4 dung-derived 613C values in the dung residue (Fig. 5.11) 
and dung-treated soils (Fig. 5.17) suggested that genesis of this minor monosaccharide was 
evidence of microbial synthesis from dung substrate C (Cheshire et al., 1969; Bird et al., 
2003; Krull et a!., 2004). Mannose is a component of some hemicelluloses but is 
insignificant in Zea mays (Jung et al., 1990). Because of the low concentrations of 
mannose in dung, the % incorporation could not be calculated, as for xylose, glucose, 
arabinose and galactose, but the 813C values were used to determine the concentration (µg 
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Figure 5.17 Concentration (µg g-1 soil) of dung-dung derived mannose and A13C between 
C4 dung treated soil and control (no dung) soil (n = 3) in the 0-1 cm (") and 1-5 cm ( ) 
soil horizons. 
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In the t=7 samples, the concentration of mannose was low with significant standard 
deviation from the mean (0 -1 cm, 354 ±576 tg g''; 1-5 cm, 256 ±549 µg g"') showing 
that the response to dung deposition by microbial mannose synthesizers was variable at the 
beginning of the experiment. However, the A13C values suggest that where dung OM was 
being metabolized, it made a significant contribution to mannose production. On the next 
four sample dates, from t= 14 to t= 112, the concentrations of mannose in the 0-1 cm 
and 1-5 cm horizons were similar, varying in the range 400 - 700 tg g' soil, suggesting 
that there was a balance between synthesis of dung-derived mannose and subsequent loss 
from the top soil or biosynthesis of other microbial components. The error bars 
demonstrate that the concentration of dung-derived mannose was more constant in the 1-5 
cm horizon than in the top centimetre beneath the dung pats, although the A13C values 
varied by 5%o. A significant increase in A13C values in both horizons at t= 56 after the 
period of heavy rainfall, implied that zymogenous microbes in the soil were switching 
between indigenous sources of C3 and dung-derived C4 OM depending on availability of 
soluble substrates. At t= 224, the large increase in mannose concentration to 2569 ±800 
µg g71 soil in the 0-1 cm horizon coincided with comparable increases in glucose, 
arabinose and galactose. However, unlike the other sugars this coincided with a maximum 
in the A13C values of 6%o, indicating a large proportion of mannose synthesis relied on 
dung-derived C at this time. At the end of the experiment, the concentrations and A13C 
values had fallen to values comparable to those prior to t= 56. In contrast to the other 
monosaccharides, no replenishment of A13C values was evident after 372 d suggesting that 
mannose was not physically sequestered in the soil, but was produced de novo from both 
dung and native organic origins in the soil profile, and maintained within the biochemical 
components of the SMB. 
5.4.2.6 Contribution of monosaccharides to % total dung C in the 0-5 cm soil 
horizon 
The Db (bulk density, area/DW soil) of the soil was 1g cm-3, so the amount in g cm'3 of 
each monosaccharide (glucose, xylose, arabinose, galactose and mannose) was calculated 
by multiplying their weight in g by the volume (1Lr2 x horizon depth) of the soil: 0-1 cm 
= 415.53 cm3; l-5 cm = 1661.90 cm3. The E of total glucose, xylose, arabinose, galactose 
or mannose monosaccharide concentrations (g cm"3) for each date was multiplied by the 
molecular weight of C in the monosaccharides (40%) to calculate the total concentration of 
individual monosaccharide Cg cm 3 in the top 5 cm of the soil over 372 d. The total % 
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dung C present in the soil as each of these five monosaccharides was then calculated as a 
percentage of total dung C (Table 5.4). The Z of the percentages of at each sample date is 
also given. 
Table 5.4 % dung C of glucose, xylose, arabinose, galactose and dung-derived mannose 
(n = 3) in the 0-5 cm soil horizon beneath C4 dung pats at t=7,14,28,56,112,224 and 
372 after deposition on a temperate grassland surface. 
t Glucose Xylose 
% dung C 
Arabinose Galactose Mannose E 
7 0.94 2.18 1.09 1.19 0.26 5.66 
14 1.70 3.89 2.11 2.07 0.67 10.45 
28 1.39 4.55 1.70 1.92 0.43 9.98 
56 3.37 10.41 2.43 3.53 0.57 20.32 
112 2.06 5.89 1.88 2.49 0.58 12.90 
224 1.91 4.09 1.21 1.82 0.63 9.65 
372 1.57 3.84 1.19 1.70 0.33 8.63 
Xylose was the largest contributor to dung C in the soil, especially after the rainfall at t= 
56 when ca. 10 % dung C was contributed by the pentose. It was also the major 
monosaccharide in the soil after 372 d suggesting that hemicellulose was the most 
recalcitrant dung-derived polysaccharide in the soil, possibly due to its close relationship 
with lignin. Dung-derived glucose only contributed a maximum concentration of ca. 3% 
at t= 56, similar to values for arabinose and galactose, suggesting that glucose from 
cellulose was rapidly mineralized at the beginning of the experiment. 
Figure 5.18 shows the comparison of total dung %C in the 0-5 cm soil horizon calculated 
from the E individual monosaccharides and estimates made using bulk &3C values (Fig. 
3.10). The pattern of % dung C incorporation predicted by bulk 813C values, and the E of 
individual 813C values was similar and showed an increase in dung C in the soil until the 
peak at t= 56, followed by a decline until the end of the experiment. However, it was 
expected that the total monosaccharide percentages would account for <80% dung C. 
Instead the monosaccharide % were greater than those calculated for bulk dung C% 
incorporation. For example, where bulk % dung C incorporation was estimated to peak at 
12% at t= 56, the amount of carbohydrate in the soil was determined as 20% dung C. 
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Figure 5.18 % C4 dung C incorporation in temperate grassland soil estimated using bulk 
tit? C %alues (") and individual monosaccharide 613C values ( ) at t=7,14,28,56,112, 
224 and 372. 
Thus, it might be assumed that the method for quantification of the monosaccharides has 
have caused an over-estimation of their concentration in soil. Pentaerythritol was used as 
an internal standard, and its non-cyclic structure with only four OH groups may have 
caused differences in behaviour under GC conditions: derivatisation would have added less 
C to the pentaerythritol molecule than to the alditol forms of hexose and pentose. 
However, Derrien et al. (2003) point out that the range of multiple sources within the 
complex soil matrix leads to great difficulties in terms of quantification of different sugars 
and prevents the reliable determination of the isotopic composition of each 
monosaccharide. For example, fructose is reduced to glucitol and mannitol using alditol 
acetate derivatisation. Further work is required to establish sources of monosaccharides 
within OM, and to consider the contribution of their 6'3C values to total values for 
individual monosaccharide pools. 
5.4.4 Summary: Carbohydrate analysis of Ca dung treated soils 
Broad similarities were observed in the pattern of incorporation of the plant cell wall 
derived xylose, glucose and arabinose, monomers of hemicelluose and cellulose, and the 
multiple-sourced monosaccharides galactose and mannose. The hemicelluose and 
cellulose derivatives were incorporated into the soil in gradual fashion, with maxima in 
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concentrations seen after heavy rainfall. Mannose was not detectable in dung, but 
appeared in the soil with 513C values suggesting microbial biosynthesis from C4 dung 
substrates. Galactose displayed elements of its source as a structural polysaccharide, from 
pectin, but also fluctuated in concentration and A13C values like mannose later in the 
experiment, suggesting an increasingly microbial origin. 
Surprisingly, at the end of the experiment xylose, glucose, arabinose and galactose all 
displayed a coincident increase in S13C values, suggesting that a mechanism existed in the 
experimental soil to sequester a significant source of 13C-enriched dung glucose for over 
one year at a depth greater than 5 cm, which was reintroduced into the upper horizons. It 
would be interesting to define the mechanism for the reintroduction of the dung glucose to 
the soil surface, suspected to be through the activity of soil invertebrates, especially surface 
casting earthworms. 
5.5 Concluding remarks 
I. The GC and GC-C-IRMS analysis of five monosaccharides derived from C4 dung 
revealed that the incorporation of sugars from dung pats into the top 5 cm of the soil was 
complex and differed between monosaccharide types. 
II. Although glucose and xylose were the chief components of the fresh dung 
carbohydrate fraction contributing almost 80% of dung DW, the percentage incorporation 
of xylose was consistently significantly greater than any other dung carbohydrate. Due to 
its large concentration and persistence (Table 5.3), it was postulated that xylose was the 
most important influence on bulk 813C values in the soil. 
III. GC quantification and GC-C-IRMS revealed that monosaccharides derived from dung 
could be grouped into plant cell wall (glucose, xylose and arabinose) and microbial 
(mannose) monosaccharides, based on their patterns of incorporation, and that galactose 
exhibited elements of both groups. The plant cell wall derivatives showed exponential 
decay over the period of the experiment such that at t= 372 less than 97% initial 
concentrations remained. However, the microbial monosaccharides, although present in 
lower concentrations, were more persistent. The PLFA analyses reported in Chapter 7 will 
explore the relationship between the microbial monosaccharides concentrations and 
biomass based on assessment of acknowledged microbial lipid biomarker compounds. 
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IV. Simple sugars have been shown to persist in clay and fine silt fractions, and might be 
recycled within the SMB for long periods (Gleixner et al., 1999; Huang et al., 1998). The 
reemergence of dung carbohydrates at the soil surface at t= 372 suggested a mechanism of 
short-term sequestration by organomineral complexing outside the sampling boundaries 
and reintroduction by bioturbation. Thus, it appears that the factors controlling the routing 
of carbohydrate C into the soil profile and subsequent MRT are not predictable purely in 
terms of the perceived recalcitrance of compound structures, and are influenced by the 
nature of the input, soil type, climate, bioturbation and physical disturbances. 
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Chapter 6 THE FATE OF DUNG-DERIVED LIGNIN IN SURFACE 
HORIZONS OF TEMPERATE GRASSLAND SOIL 
6.1 Abstract 
Lignin was estimated to form about 7% of the DW of dung, and was depleted in 13C (x =- 
16.1 %o) compared with the major carbohydrate components (x = -7.8%o) of plant matter. 
It was hypothesized that a proportion of the reduction in bulk S13C values towards the end 
of the experiment would be due to increased concentrations of dung lignin relative to 
declining abundance of more labile saccharride components. An off-line pyrolysis method 
was employed to obtain sufficient lignin-derived monolignols for GC-C-IRMS. Stable C 
isotope analysis revealed robust A13C values between lignin pyrolysis products originating 
in C4 dung-treated and untreated experimental plots that could be used to explore the fate 
of dung lignin at key dates. Analysis of the S13C values of six monolignols demonstrated a 
range of degradation rates of lignin products in soil. These implied that some elements of 
dung lignin were not as recalcitrant as previously assumed; this has considerable 
significance for the role of different biochemical components in the short-term 
sequestration of dung. 
6.2 Introduction 
Lignin is a phenolic polymer found in some plant cell walls, and is the second most 
abundant terrestrial biopolymer (after cellulose), accounting for 30% of the organic C in 
the biosphere (Boerjan et al., 2003). Lignin degradation is generally described as an 
oxidative process exclusive to obligate anaerobes (Malherbe & Cloete, 2002), and its 
fermentation is limited in the anaerobic rumen. Covalent attachment of lignin to cell wall 
polysaccharides limits overall digestibility and leads to significant amounts of undigested 
fibre in dung (Ralph et al., 1994). In fact, lignin is regularly utilised as an inert marker to 
calculate cell wall digestibility in ruminants based on the assumption that it is not degraded 
at all in the strongly anaerobic rumen (Chesson, 1997). The majority of fine particles in 
ruminant faeces is lignin that has been repeatedly ruminated (Van Soest, 1994), and forage 
fibre analysis of Zea mays (C4) silage pre- and post-rumination, estimated a 5% increase in 
lignin in dung, from 2% in silage to 7% in dung (Table 4.3). Significantly for 
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decomposition studies, lignin also confers recalcitrance on more soluble cell wall 
components with which it is complexed. If fresh plant or cow dung are digested for an 
essentially infinite time under rumen conditions, the material that remains undigested is 
still two-thirds carbohydrate and its composition is strikingly similar to the original plant 
material (Ralph, 1996), suggesting that a consistent proportion of plant cell wall material is 
protected from rumination by lignin. 
The difference in recalcitrance between organic materials comprising dung impact on 
grassland C budgets after deposition. Although dung lignin is relatively low in abundance 
compared with carbohydrates its stability and resistance to decomposition imply a greater 
contribution to dung residue C in the soil pool with time. Due to the ubiquity of lignin in 
temperate grassland soils, tracing dung-derived lignin in soil can only be achieved by using 
natural or artificial labelling of compounds. In this experiment, the A13C value of 
individual compounds from a natural abundance 13C-labelled source (C4 Zea mays dung) 
and receiving C3 soil was utilised to track the fate of dung lignin after deposition. An off- 
line pyrolysis method, developed by (Poole & van Bergen, 2002) for the C isotope ratio 
analysis of fossil wood, was applied to obtain lignin-derived phenolic monomers from 
dung and experimental soils for GC analysis. Several dung lignin biomarker compounds 
were identified in pyrolysates of Zea mays (C4) dung; their S13C values confirmed their C4 
origin compared with similar compounds from Lolium perenne (CO dung (Fig. 4.14). S13C 
values were determined using GC-C-IRMS. 
6 . 2.1 The origin of 
lignin in grassland soils 
Lignins are aromatic polymers of methoxylated 4-hydroxyphenylpropanoids connected by 
ether and carbon-carbon linkages (Ralph et al., 2004) found as substantial components in 
all terrestrial plants (Marita et al., 2001) with a molecular weight of around 50,000 Da 
(Reale et al., 2004). The C6-C3 chemical structure of the phenylpropanoid unit is unique, 
and essentially absent from all other living organisms (Martens et al., 2004), although 4- 
hydroxybenzoic acid may be synthesised by Rhizobium spp. (Moorman et al., 1992). The 
main source of lignin in grassland soils is the senescent tissues of native Graminae, with 
significant inputs of modified grass material from the dung of herbivores in grazed or 
manured ecosystems. Paustian et al. (1992) assigned lignified tissues (lignin and lignin- 
complexed plant cell wall compounds) to the `slow' pool of SOM, with MRT estimated at 
15 - 100 years (see Table 1.4). Phenolic compounds, originating from incomplete lignin 
decomposition, contribute considerably to high-molecular weight, amorphous, very 
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resistant humic substances (Fustec et al., 1989; Martens et al., 2002) that constitute 60 - 
80% of SOM (Brady & Weil, 2002) and have an MRT up to 5000 years (Paustian et al., 
1992). 
6.2.1.1 Synthesis of lignin 
Lignin is found in the cell walls of various types of supporting and conducting tissue, 
notably the tracheids and vessel elements of the xylem. It is deposited chiefly in the 
thickened secondary wall but also occurs in the primary wall and middle lamella in close 
contact with polysaccharides of the plant cell wall (Taiz & Zeiger, 1991). In grasses, the 
order of cell wall component deposition is initially hemicellulose, followed by cellulose 
one to six days later, and then lignin up to fourteen days after maximum hemicellulose 
synthesis (Bidlack et al., 1992). Lignin deposition proceeds in different phases, starting at 
the cell comers in the region of the middle lamella and proceeding through the secondary 
cell wall (Boerjan et al., 2003). As grasses reach physiological maturity, the primary cell 
wall of parenchyma and epidermal cells also undergo lignification (Grabber et al., 2003). 
The structure of lignin varies between plant species (Saiz-Jimenez & De Leeuw, 1986), 
between cell types within a single plant (Davin & Lewis, 2000; Grabber et al., 2003), and 
between different parts of the wall of a single cell (Lewis & Yamamoto, 1990; Boerjan et 
al., 2003). Attempts have been made to define the structure of lignin, especially 
gymnosperm lignin which is largely formed of guaiacyl units (Sakakibara, 1980; Brunow 
et al., 1998) and is, therefore, chemically simpler than angiosperm lignins, especially 
monocotyledonous Graminae. Lignin deposition and composition can also be influenced 
by wounding, fungal attack, specific enzyme inhibitors, mutations, hormones, metal ions 
and geotropism (Lewis & Yamamoto, 1990). 
The function of lignin is to provide mechanical rigidity, permitting upward growth and 
water and minerals to be conducted through the xylem under negative pressure without 
collapse of the tissue. It also bestows water impermeability on the polysaccharide-protein 
matrix of the cell wall (Whetten et al., 1998), and has a significant protective role in plants; 
lignification blocks the growth of pathogens and is a frequent response to infection or 
wounding. Lignin is also an antifeedant, and its chemical durability makes it relatively 
indigestible to herbivores (Taiz & Zeiger, 1991). 
It is generally accepted that lignin can be broadly classified according to the proportions of 
the three major monolignols, p-hydroxycinnamyl alcohol (H - or P in Huang et al., 1998), 
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coniferyl alcohol (G) and synapyl alcohol (S; Fig. 6.1). A high degree of H monolignols, 
in the ratio 1: 1: 1 H: G: S, is typical of grass lignins (Saiz-Jimenez & De Leeuw, 1986; 
Ralph & Hatfield, 1991). However, lignin is a polymer with no defined structure, no 
regularly repeating sequences of any length, and ill-defined size (Ralph, 1996). There are 
still uncertainties about how lignin monomers are made, how they are stored, how they are 
transported to the cell wall, and how they are polymerized into lignin (Whetten et al., 
1998). Much of the knowledge of lignin structural features comes from the study of lignin 
models derived from peroxidase-induced cinnamyl alcohol in vitro polymerisation to give 
dehydrogenated polymers (DHPs) (Klein & Virk, 1983; Falcon et al., 1995; Hatcher & 
Minard, 1996; Tuomela et al., 2002; Reale et al., 2004) and model substrates, normally 
phenylpropanoid dimers (Evans et al., 1986; Lewis & Yamamoto, 1990; Filley et al., 
1999) which have provided information on the types of linkage between monolignols 
(Hatcher & Minard, 1996), and subsequent cleavage during decomposition (Chen et al., 















Guaiacyl (C) residue Syringyl (S) residue 
Figure 6.1 Structure of the three monolignols comprising lignin (p-coumaryl alcohol, 
coniferyl alcohol and sinapyl alcohol) and the residues hydroxyphenyl (H), guaiacyl (G), 
and syringyl (S) derived from them. R=a proton, e. g. hydroxyl, or another monolignol 
residue (from Whetten et al., 1998). The a, ß&y assignments of the propanoid carbons 
are shown in red on p-coumaryl alcohol. 
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Lignin polyphenols are linked by up to twenty types of intersub-unit linkages, most 
frequently ß-0-4 (Drage et al., 2002), but also ß-5, ß-ß, 5-5', 5-0-4, and ß-1 (Whetten et 
a!., 1998) a-0-4 and a-0-5 (Marita et al., 2001; Ralph et al., 2004). Because of electron 
delocalisation throughout the aromatic ring, the double bond-containing side-chain and the 
0 functionalities in the precursor alcohols, bonding during lignin polymer growth can 
occur at many sites within the phenylpropane moiety (Evans et al., 1986). Some examples 
of monolignol interlinkages defined using 3D NMR are shown in Figure 6.2 (Marita et al., 
2001). It is now becoming increasingly clear from transgenic studies that lignins may also 
be derived from several other monomers in addition to the three major H, G and S 
monolignols (Boerjan et al., 2003). Within grasses, up to 90% p-coumaric acid is found 
esterified to terminal y position of the side-chain of monolignols, suggesting that 
monolignol p-coumarate esters are formed before export from the cytoplasm to the cell 





Figure 6.2 Examples of monolignol unit linkage (from top left clockwise) 0-O-4, ß-5,13- 
O-4/a-O-5,5-5'/ß-04/a-O-4, ß-(3. ^^^- =lignin polymer (from Ralph et al., 2004). 
Lignin monomers originate from the action of phenylalanine ammonia lyase, tyrosine 
ammonia lyase and other phenylpropanoid-related enzymes directing metabolites to lignin 
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biosynthesis in the cytoplasm (Taiz & Zeiger, 1991). The biosynthesis of the monolignols 
in grasses starts with the deamination of the aromatic amino acids phenylalanine and 
tyrosine, and involves successive hydroxylation of the aromatic ring, followed by phenolic 
O-methylation and conversion of the side-chain carboxyl to an alcohol group (Fig. 6.3) 
(Hahlbrock & Grisebach, 1979; Boerjan et al., 2003). 
Phen)lalanine 


















Figure 6.3 Generalised monolignol biosynthesis from phenylalanine; R= OCH3 (adapted 
from Hahlbrock & Grisebach, 1979). 
4-O-ß-D-glucosides are formed by the transfer of a glucose residue from UDP-glucose to 
the phenolic hydroxyl of the monolignol, catalysed by a specific enzyme (Ibrahim & 
Grisebach, 1976), and their primary transport mechanism from the cytoplasm to the cell 
wall probably involves Golgi vesicle association and membrane fusion (Lewis & 
Yamamoto, 1990). The nature of the nucleation sites in the cell wall is unknown (Boerjan 
et al., 2003), but theories of the mechanisms of the regulation of deposition of lignin in the 
cell wall include the nucleation of lignin deposition by other cell wall components such as 
polysaccharide-phenolic esters or cell wall proteins (Whetten et al., 1998). Ferulates, 
conjugated to polysaccharides, and their dehydrodimers are well established as being 
incorporated in grass lignins (Hatfield et al., 1999) and there is some evidence that 
ferulates and diferulates may act as attachment sites for monolignols (Fig. 5.15; Jung & 
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Ralph, 1990; Ralph et al., 1995). Keller et al. (1989) suggested a close functional 
relationship between glycine-rich protein and lignin deposition during cell wall biogenesis 
in protoxylem cells, while Carpin et al. (2001) hypothesized that mid-lamella and cell 
corners rich in pectate-bound peroxidases may conceivably play a role in the spatial 
control of lignin deposition, as these are the first sites of lignin deposition (Boerjan et al., 
2003). 
Early research suggested that lignin assembly occurred through the passage of monolignol 
monomers into the cell wall, with polymer formation requiring only oxidative enzymes to 






Figure 6.4 Dehydrogenation of coniferyl alcohol to its free radical form, denoted * (from 
Hatcher & Minard, 1996). 
The latter could not, however, explain many biological aspects of lignification, including 
targeting of specific monolignols to discrete regions within the lignifying cell wall and the 
observed regiospecificity in coupling resulting in approximately 50% to 70% of all 
interunit linkages being 8-0-4' [i. e. R-0-4] bonded (Davin & Lewis, 2000; Reale et al., 
2004). Rapid `bulk' polymerisation may occur in the middle lamella and primary cell 
wall, favouring C-C coupling of monolignols into highly branched polymers that may 
enhance entrapment of structural polysaccharides. In contrast, gradual `end-wise' 
polymerisation, as may occur in secondary cell wall, favours ß-O-4 coupling of 
monolignols into relatively linear polymers (Grabber et al., 2003). In addition, the 
molecular weight distributions found in lignin, with several maxima, imply a repetitive 
pattern of weak links which discourages the random view of lignin polymerisation (Reale 
et al., 2004). Hatcher & Minard (1996) proposed that lignin exists in a helical 
conformation with the primary linkage being the ß-O-4 bond, and used TMAH 
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thermochemolysis of wood lignin and DHP to provide evidence of stereoselective control 
in the formation of natural lignin. Whetten et al. (1998) suggested that multi-enzyme 
complexes may partition metabolites into G- or S-specific pathways early on in 
monolignol biosynthesis, and Davin & Lewis (2000) identified ubiquitous novel `dirigent' 
proteins with specific monolignol radical-binding sites, supporting the notion of a template 
guided polymerisation process in situ, a theory supported by Chen & Sarkanen (2003) 
#386)). However, no strong arguments invoke a role for dirigents in lignification, and 
numerous facts do not fit the proposed model for absolute control over lignification 
(Boerjan et al., 2003; Ralph et al., 2004). 
6.2.2 The fate of lignin in soils 
There is an increasing, and essential, interest in the potential of soils to sequester C and 
thereby to identify C sinks in soil to counter the release of GHGs such as CO2 to the 
atmosphere. Non-destructive analysis such as 13C-NMR spectroscopy (Baldock et al., 
1992; Gregorich et al., 1996; Chefetz et al., 2002; Filley et al., 2002; Schmidt & Kögel- 
Knabner, 2002) has been employed for investigations of the presence and distribution of 
lignin by direct analysis of soils, and this has been extended to the study of 13C-labelled 
materials. Because the 13C nucleus has a natural abundance of only 1.1%, additions of 
only small amounts of 13C-labelled materials can significantly increase the number of '3C 
nuclei in the sample to the extent that the resultant NMR signal is almost entirely derived 
from the 13C-Labelled substrate (Skjemstad et al., 1997). Structural analysis of the nature 
of the lignin polymer at the molecular level is typically performed by destructive methods, 
such as py-GC-MS (Saiz-Jimenez & de Leeuw, 1986; Gregorich et al., 1996; Huang et al., 
1998; Franchini et al., 2002; Dorado et al., 2003), thermochemolysis-GC-MS (Chefetz et 
al., 2002; Filley et al., 2002), TMAH-py-GC-MS (Hatcher & Clifford, 1994; Nierop et al., 
2001a; 2001b; Chefetz et al., 2002) and CuO oxidation with subsequent MS (Goni & 
Hedges, 1995; Opsahl & Benner, 1995; Glaser et al., 2000; Otto et al., 2005) in which 
lignins are depolymerised to produce polymer fragments that provide information on the 
original lignin structure. In tandem with the application of compound specific 13C IRMS 
(Gleixner et al., 1999; 2002; Kalbitz et al., 2005), and 14C-labelling of model compounds 
(Otto et al., 2005; Vinken et al., 2005) and whole matter (Martens et al., 2002; Quenea et 
al., 2005), these techniques can also provide information on the source of labelled C from 
lignin molecules input to a differentially C-labelled soil. 
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Forage fibre analysis estimated that only 2% of either Lolium perenne or Zea mays silages 
and 7% of both Lolium perenne or Zea mays dungs was acid detergent lignin (Table 4.3), 
and these may be over-estimates as this fraction also includes other insolubles, including 
inorganic components. Therefore, lignin only forms a minor component of plant tissues 
and ruminant dung derived therefrom. Nonetheless, its inherent resistance to the agents of 
decomposition causes a disproportionate contribution of lignin to SOM relative to its initial 
abundance in plant litter and dung. Franchini et al. (2002) and Filley et al. (2002) 
observed that the relative lignin content increased compared to polysaccharide derivatives 
in incubated plant residues. The relatively high stability of lignin and resistance of phenols 
to mineralisation has been reported to present the rate-limiting step in recycling biological 
C (Martens et al., 2002) and suggests an obvious opportunity for C sequestration in soils. 
6.2.2.1 Lignin decomposition in soils 
The linkages between monolignols are highly varied and strong, and only a few 
microorganisms in the soil have evolved to degrade them. Those able to degrade lignin 
include the wood-rotting fungi, some bacteria and actinomycetes, though the most efficient 
lignin-degraders are the white rot fungi (Falcon et al., 1995; Lewis & Yamamoto, 1990) 
that break down 13 - 38% of the lignin of herbivore dung (Richardson, 2001a). These 
major agents of lignin degradation are Basidiomycetes, e. g. Phanaerochaete 
chrysoporium, that can degrade lignin and cellulose simultaneously or selectively degrade 
lignin (Filley et al., 2002). ten Have & Teunissen (2001) describe white rot fungi as the 
only known organisms that can mineralise lignin. However, no fungi are able to use lignin 
as a sole C source, and it is significant that lignin degradation allows access to 
polysaccharides (Richardson, 2001 a). Other fungal Phyla have also been charged with the 
potential to degrade lignin. Zygomycetes (Mucor sp. ) and Deuteromycetes 
(Cephalopsporium sp., Botrytis sp., Trichoderma sp and Penicillum sp. ) have been 
reported to exploit aromatic compounds derived from lignin (Webster, 1970), and Falcon 
et al. (1995) found that four Deuteromycetes (Penicillium chrysogenum, Fusarium 
oxysporum, F. solani, and Pestalotia oxyanthi) could catabolise the 14C-labelled aromatic 
ring and 14C-ß-side-chain labelled DHP of coniferyl alcohol. Agrios (1997) also cites 
members of the Deuteromycota as the soft rots of wood that degrade both polysaccharides 
and lignin. 
White rot fungi excrete several peroxidases (Malherbe & Cloete, 2002; Ikehata et al., 
2004) that depolymerise lignin by cleavage of ß-O-4 linkages and Ca-Cß bonds in the 
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side-chain (ten Have & Teunissen., 2001). Fungal peroxidases use molecular 0 to remove 
H ions from phenylpropanoid units (R) in an oxidative reaction that produces H202 
(Alberts et a!., 1989) that is then utilised to dehydrogenate other phenolic substances 
(Ikehata et al., 2004; Ralph et a!., 2004) producing an oxidised product (R') and water in a 
self-propagating chemical reaction (ten Have & Teunissen, 2001): 
RHZ + 02 -- R+ H202 
H202+ RH2 -a R+ 2H20 
Thus, peroxidases seem to be key triggers for both lignin biosynthesis and biodegradation 
processes. Peroxidative activity leads to the cleavage of intermolecular linkages during 
biodegradation (Gutierrez et al., 1996) and decarboxylation or demethoxylation of lignin 
compounds. Dec et al. (2001) labelled phenolic monomers with 14C in the carboxyl group, 
aromatic ring or aliphatic chain, and found that the carboxyl moiety was more susceptible 
to release than the methoxyl or methyl functionalities. Most peroxidases can efficiently 
oxidise coniferyl alcohol but are less efficient in oxidizing sinapyl alcohol, though some 
have been reported to be highly reactive to the latter suggesting the existence of 
monolignol-specific peroxidase isoenzymes (Ralph et al., 2004). In addition, bacterial and 
fungal xylanases disrupt the hemicellulose-lignin association, without mineralization of the 
lignin per se, making the lignin more available to direct digestion. Vane et al. (2001) 
proposed that hemicellulose degradation is required before efficient lignin removal can 
begin. In fact, it has been stated that lignin degradation is accelerated in the presence of 
polysaccharides and their degradation products (Leonowicz et al., 1999). 
Types of lignin degradation include C-C and ß-O-4 cleavages, oxidative degradation of C3 
side-chains, demethoxylation and oxidative ring-opening (Huang et al., 1998) with 
ultimate production of aliphatic residues (ten Have & Teunissen, 2001). Figure 6.5 shows 
the biodegradation process of guaiacyl lignin (G) in a forest soil (from Dijkstra et al., 
1998). Huang et al. (1998) identified differences in the composition of lignin pyrolysis 
products in different soil horizons of temperate upland grassland. They found that the Oh 
(organic) horizon was dominated byp-coumaric acid and ferulic acid, with lignin oxidation 
products and chain-shortening products significantly increased compared to the litter layer, 
presumably due to fungal degradation. 
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MOO 
Figure 6.5 Biodegradation of guaiacyl lignin observed in the pyrolysis mass spectrometry 
data from the soil profile under Scots pine (from Dijkstra et al., 1998). 
The decomposition of lignin does not appear to be uniform across the macromolecule. 
Angiosperm G-S lignins are degraded more rapidly by white-rot fungi than their 
gymnosperm G counterparts (Lewis & Yamamoto, 1990), and Opsahl & Benner (1995) 
suggested that fungi selectively degrade syringol phenols. Lignins of the G type have a 
higher degree of internal cross-linking than those of S type, and appear to be comparatively 
more recalcitrant to biodegradation (Chefetz et al., 2002) because they have fewer aryl- 
aryl bonds than S units (Vane et al., 2001). With particular reference to grass lignin, H (or 
P, p-hydroxyphenol) lignin units were found to be more stable than either S or G (Huang et 
al., 1998). Hence, a progressive decrease in the P: S: G ratio has been reported in the course 
of humification due to selective biodegradation of the most labile lignin moieties with 
higher methoxyl content (Huang et al., 1998; Dorado et al., 2003). However, in contrast, 
Franchini et al. (2002) found the S: G ratio increased in incubated plant residues. 
6.2.2.2 Coprophilous fungi 
Coprophilous fungi are an important component of terrestrial ecosystems, and play an 
active role in recycling nutrients in animal faeces (Richardson, 2001 a; Somrithipol et al., 
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2002). The coprophilous habit occurs widely throughout Kingdom Fungi. The evolution 
of the homeotherm condition appears to have been an important one in the evolution of the 
coprophilous habit, for although large numbers of fungi have been reported from the dung 
of birds and mammals, relatively few have been reported from the dung of reptiles and 
amphibians (Webster, 1970). Webster (1970) suggested that `there is no better 
introduction to the study of fungi than to follow the sequence of fungi which appear when 
fresh dung is incubated in a dish placed near a window'. Dung may be colonised by fungi 
whose spores are already incorporated in digesta, or from disapora that arrive after 
deposition. The life cycles of many coprophilous fungi are known to involve, and may 
require, passage through the herbivore gut with germination occurring in freshly voided 
dung. This is an adaptation to the ephemeral nature of the dung habitat (Richardson, 
2001 a). Pilobius sp. are the major fungi on recently voided dung (Dickinson & Underhay, 
1977) and sporulation may occur as soon as two days after defaecation (McGranaghan et 
al., 1999). Coprophilous fungi have also adapted to the high pH (around 6.5) of dung 
compared to the acid pH optima for most fungi (Dickinson & Underhay, 1977). 
Some observers have noted a true ecological succession in the colonisation of herbivore 
dung. Initially, cattle dung is colonised by Zygomycete species, e. g. Pilobius sp. (Fig. 
6.6), followed by Ascomycetes, e. g. Saccobolus sp. and finally Basidiomycetes, e. g. 
Coprinus sp. (Fig 6.6; Dickinson & Underhay, 1977; McGranaghan et al., 1999; 
Somrithipol et al., 2002; Hauser, 2003). It was postulated that this succession was 
nutritionally driven as the Zygomycetes exploit simple sugars and hemicellulose in dung, 
Ascomycetes utilise cellulose, and Basidiomycetes utilise both cellulose and lignin 
(Richardson, 2001 a). Extracellular peroxidase is produced by Coprinus sp. (Ikehata et al., 
2004). However, the theory of nutritional succession ignored the fact that some spores had 
already germinated or had their dormancy broken in the herbivore gut. Therefore, a 
reproduction hypothesis of dung succession proceeded the earlier substrate theory, and was 
based on the time it takes each type of fungus to produce fruiting bodies (Richardson, 
2001 a; Hauser, 2003), but did not account for cryptic mycelial growth. Dickinson & 
Underhay (1977) found that there was a three-fold increase in total hyphal extension 
between 5 and 40 days after defaecation. The hyphae were initially observed in the surface 
layers of the dung and spread slowly down into the pat. 
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Figure 6.6 Sporangiophores of' Carly dung colonising Pilobius sp. (above) and 
basidiocarps of late colonising Coprinus sp on herbivore dung (from Somrithipol et al., 
2002). 
However, both the nutritional and reproductive theories of succession overlooked the 
interrelationships between fungi and other dung inhabitants. Some Basidiomycetes 
colonising dung can suppress the hyphae of Zygomycetes and Ascomycetes species; within 
minutes of contact the hyphae of the latter undergo vacuolisation and lose turgor followed 
by drastic alteration of cell membrane permeability and subsequent cell death (Hauser, 
2003). Gloer & Truckenbrod (1988) found that the late dung colonist Ascomycete 
Poronia punctata produced (+)-isoepoxydon that had anti-fungal action against early 
colonising Ascomycete species Ascobolus furfuraceus and Sordaria. fimicola. However, 
most of the studies of fungal activity in dung have been performed in vitro. Dickinson & 
Underhay (1977) were surprised at the paucity and erratic appearance of fungi on dung in 
the field, showing that a variety of environmental factors affect the efficiency of 
colonisation and survival by coprophilous fungi. For example, the season at the time of 
defaecation has a significant effect on dung colonisation. In British grassland studies, 
significantly more species per sample were obtained from winter (October - March) than 
summer (April - September) samples (Richardson, 2001 a), whilst the opposite was true in 
observations made by (McGranaghan et al., 1999) who observed a rapid proliferation of 
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coprophilous fungi in the summer (May/June) compared to winter (October/November). 
The obligately anaerobic celluloytic rumen fungi belonging to the order 
Neocallimastigales are also known to survive in moist dung for up to 81 days in winter 
(McGranaghan et al., 1999). 
6.2.2.3 Mechanisms of lignin sequestration in soil 
Lignin is the second most abundant organic compound found in soils, after cellulose. 
Although it forms a relatively minor proportion of plant matter, its unique chemistry 
affords lignin a recalcitrance of both its integral polyphenylpropanoid structure and 
phenolic derivatives that leads to a relative enrichment in soils compared to its more labile 
counterparts. Intact lignified tissues have an MRT of 15 - 100 years, described as the 
`slow pool' of SOM (Table 1.4; Paustian et al., 1992). In addition to the inherent 
resistance of the polyphenol, lignin degradation products may be sequestered in three 
major ways in soils: chemically, through copolymerisation with other organic molecules to 
form humus, through organomineral complexing, or physically protected in soil 
aggregates. Humic substances, are the most stable form of soil C with MRT <5000 years 
(Table 1.4; Paustian et al., 1992) that can account for up to 80% of total OM in some soils 
(Quenea et al., 2005). Hatcher & Clifford (1994) and Chefetz et al. (2002) identified a 
range of lignin derivatives in soil humic acids (the base soluble fraction of humus). Saiz- 
Jimenez & de Leeuw (1986) found that fulvic acid (humic substances soluble in both base 
and acid) contained polyphenols, and humic acids and humin (the refractory, non- 
hydrolysable component of humus) both contained partially degraded lignins. 
Radiocarbon dating has shown a greater age for humin (9035 y BP) than other soil 
fractions (Paul et al., 1997; Quenea et al., 2005) and over 99% of incubated 14C-labelled 
wheat lignin was traced to the humus fraction (Martens et al., 2002). Thus, the formation 
of humus, containing a large proportion of phenolic compounds derived from lignin and 
combined with the products of microbial synthesis, is a viable route for C sequestration in 
soils. 
The boundary between the origin of soil humic substances and sorption to metal oxides is 
indistinct and the two methods of sequestration will be discussed together. Undegraded 
lignin is found associated with the coarse soil fractions >250 µm (Huang et al., 1998). 
Partially decomposed lignin which has undergone increasing side-chain oxidation due to 
microbial decomposition (Glaser et al., 2000) has been identified in finer soil fractions 
(Schmidt & Kögel"Knabner, 2002) where it may be immobilised in organic and inorganic 
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matrices (Vinken et al., 2005) and, thereby, protected from agents of decomposition. 
Phenolic compounds originating from plant residue decomposition or microbial 
metabolism copolymerise with a variety of other organic compounds, including amino 
compounds and carbohydrate units in the presence of various phenoloxidases or metal 
oxides that cause decarboxylation of phenolic acids (Dec et al., 2001) forming humic 
substances that are recalcitrant and degrade slowly. Lignin may readily bind to humic 
substances; Tuomela et al. (2002) calculated that 64% of 14C-DHP was bound to humic 
substances immediately after addition to soil. Kaiser et al. (2004) and Kalbitz et al. (2005) 
found lignin-derived dissolved aromatic and complex compounds extracted from mineral 
soils were relatively stable and degraded slowly, suggesting their sorption to soil particles 
by complexing with Al and Fe oxides and hydroxides (McKnight et al., 1992) particularly 
on clay mineral surfaces (Baldock & Skjemstad, 2000). This strong chemisorption to 
metal oxides and hydroxides is directly related to the hydrophobicity of lignocellulose 
(Kaiser & Guggenberger, 2000). Even though lignin phenols become more recalcitrant 
when bound to humic substances and mineral surfaces, they are still susceptible to 
degradation by white-rot fungi. However, the efficiency of fungal activity is compromised 
by poor availability, inhibition of fungal growth and possible enzyme inactivation caused 
by the humic substances (Tuomela et al., 2002). 
Lignin degradation products may be physically protected through the formation of soil 
aggregates, which is enhanced by the presence of phenolic compounds (Martens et al., 
2002). The addition of manure has been shown to encourage macroaggregate formation 
(Whalen & Chang, 2002; Mikha & Rice, 2004). Fortun et al. (1989) found that soil treated 
with manure was high in humic acid content which correlated with increased soil aggregate 
stability, with the most noticeable effect in the very short term (two weeks). A longer term 
study of soils manured for 16 years also displayed increased levels of lignin-derived 
methoxyphenols, and an increase in S: G ratios, present in the soil matrix as insoluble 
humic colloids (Dorado et al., 2003). Six et al. (2001) divided macroaggregates into three 
fractions of POM (the light (1.85 g em 3), coarse (250 - 2000 µm) and fine (53 - 250 µm) 
fractions) and the enriched labile fraction (ELF; which appears to be equivalent to humic 
substances) and analysed the lignin content using CuO oxidation products and 13C NMR 
spectroscopy. They concluded that decreasing lignin yields and increasing side-chain 
oxidation were correlated with a decrease in fraction size, which indicated that more 
degraded and older OM was associated with smaller soil particles. The ELF was strongly 
degraded plant material enriched in aliphatic moieties partly bound to aromatics. This 
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agreed with the findings of Huang et al. (1998) who found undegraded lignin was 
associated with coarse soil fractions >250 µm. 
A small proportion of p-coumaric acid and ferulic acid have been shown to be freely 
soluble (Opsahl & Benner, 1995), though the majority are found ester-linked to lignin and 
cell wall polysaccharides of grasses in particular (Hatfield et al., 1999). Even so, these 
ester-bound phenols are lost rapidly relative to core lignin (Opsahl & Benner, 1995). 
Calculated half-lives fromp-coumaric acid and ferulic acid were estimated to be up to 56 d 
in corn residue (Martens, 2000). Phenolic glycosides, the biosynthetic precursors of lignin, 
present in the cytoplasm will also constitute a fraction of the soluble lignin pool, in 
addition to more soluble components formed when fungi degrade lignin (Tuomela et al., 
2002). 
6.2.2.1.1 Application of the off-line pyrolysis method to lignin analysis 
Analytical pyrolysis is a well-established method for the chemical structure 
characterisation of intractable materials (Challinor, 2001) and involves the rapid heating of 
samples in an inert atmosphere to release volatile fragments of compounds by reproducible 
bond cleavage, which can be identified using GC-MS. Pyrolysis of organic materials 
produces volatile liquid and solid char fractions (Demirbas, 2004). Increased temperature 
enhances the production of volatiles whilst the formation of char is inhibited (van der Hage 
et al., 1993). Pyrolysis of SOM yields some low molecular weight phenolic fragments 
originating from proteins and carbohydrates, although the majority derive from lignin or 
esterified phenolics. Some of the carbohydrate pyrolysis products produced can be 
ascribed to specific carbohydrate sources, such as anhydrosugars, e. g. levoglucosan from 
glucose (Reeves & Francis, 1997). 
Flash py-GC-MS techniques have been routinely used as a rapid analytical method for the 
chemical characterization of SOM at a molecular level (Saiz-Jimenez & de Leeuw, 1986; 
Ralph & Hatfield, 1991; Stuczynski et al., 1997; Stankiewicz et al., 1998; Franchini et al., 
2002; Poole et al., 2004) to provide structural information on intact or degraded plant 
biopolymers (Huang et al., 1998) and is considered a key method for SOM research 
(Leinweber et al., 1999). Recently, flash pyrolysis has been coupled with GC-C-IRMS to 
determine 813C values data for lignin derivatives (Gleixner et al., 1999; 2002). However, 
py-GC-MS suffers limitations for the identification of compounds comprising polar 
functional groups (Gauthier et al., 2003) and it was estimated that only 25% or fewer of 
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pyrolysis products can be seen using this method (Moldoveanu, 2001). A methylating 
reagent, such as TMAH (after Hatcher & Clifford, 1994), may be added to the sample prior 
to pyrolysis; however, this changes the nature of the analysis from thermolysis to 
thermochemolysis (see below), and the amount and nature of compounds generated are 
modified. Kuroda (2000) suggests that the inherent alkalinity of TMAH results in 
unfavourable cleavage, or even damage, of substructures to create non-specific 
compounds, and that insufficient alkylation prior to pyrolysis produces high abundances of 
dehydration products. Alternatively, off-line pyrolysis with post-pyrolysis silylation 
allows analysis of a wider range of components that provide more information about the 
parent material, as silylation does not alter the nature of the pyrolysate except for replacing 
active hydrogens with silyl groups (Moldoveanu, 2001). Silylated products derived from 
lignin pyrolysate can be analysed using GC which offers the prospect of quantification. 
Currently, there are no automatic systems for this type of pyrolysate processing and the 
technique requires manual processing for each sample. However, a method for on-line 
trimethylsylilation for py-GC-MS has been advocated for the study of lignocellulosic 
materials by Kuroda (2000). 
An off-line pyrolysis method (Poole & van Bergen, 2002) was utilised for the extraction of 
phenolic compounds from lignin in organic samples, i. e. silage, dung and experimental 
soils, in this research. Details of the method are given in Section 2.8. This procedure was 
selected to obtain relatively stable pyrolysates of large samples (<5 g) of sufficient 
magnitude to enable subsequent manipulation such as fractionation and GC-C-IRMS 
analysis with statistical replication of the same sample. CuO oxidation had been used 
previously in this laboratory to obtain phenols for analysis but the unstable nature of the 
extract, i. e. with a shelf-life of one week, had caused problems with sample preparation 
and analysis. CuO oxidation (after Hedges & Ertel, 1982) cleaves the 0-O-4 linkages in a 
similar fashion to thermochemolytic methods with TMAH (Hatcher & Clifford, 1994), 
yielding acid and aldehyde forms of monolignols, and retaining nearly 30 phenolic dimers 
with C-C linkages at ring-ring or side-chain-ring positions. Acid: aldehyde (Ad/Al) ratios 
calculated as the ratio of vanillic acid/vanillin or syringic acidlsyringaldehyde are useful 
indicators of the extent of diagenetic alterations of lignin, as elevated Ad/Al ratios are 
indicative of microbial oxidation of propyl side-chains of lignin which increases the 
carboxyl content of the remaining lignin (Opsahl & Benner, 1995). However, ortho 
structural isomers, including catechols (microbially demethylated lignin monomers), are 
not produced because CuO oxidation induces ring rupture to form low molecular weight 
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aliphatic acids unrecognisable as lignin derivatives. CuO oxidation is less efficient at 
releasing syringyl than vanillyl (guaiacyl) units of plant lignins (90% and 30%, 
respectively, Hedges & Ertel, 1982). In addition, no derivatives having a side-chain longer 
than one C atom are observed (Hatcher et al., 1995). 
The advantage of using thermolysis includes the non-selective breakage of bonds and the 
production of a wider range of pyrolysis products, including catechols and levoglucosan. 
The use of a tube furnace, rather than a pressure bomb in CuO oxidation, does not limit the 
size of the sample presented for pyrolysis, and enabled extraction from large samples of 
low C content, such as more mineral soils. The large sample sizes also provided greater 
opportunity for total compound representation in heterogenous samples such as soil. Faix 
et al. (1987) highlighted several advantages of off-line pyrolysis over Py-GC-MS 
including: 
i) predetermination of the optimal amount for GC analysis, regardless of the weight of 
starting materials and yield of pyrolysates; 
ii) precise quantification of the degradation products through use of internal standards 
(see below); 
iii) repeated injections of the same sample to test reproducibility; and, 
iv) selective pre-separation of substances according to their functional groups. 
The conditions described by (Poole & van Bergen, 2002), i. e. 300°C for 1 h, were found to 
be sufficient as the relative abundance and range of products were similar at 400°C, and no 
additional compounds were released upon repyrolysis of pyrolysed residues. At 
temperatures above 400°C primary pyrolysis products may undergo secondary 
decomposition to simple molecules, such as ethylbenzene, toluene and benzene, no longer 
unambiguously diagnostic of lignin (Klein & Virk, 1983). However, the yield of the major 
carbohydrate pyrolysis product levoglucosan may have reduced as its structure is only 
stable up to 270°C (Browne, 1958). 
The global mechanism of lignin pyrolysis is largely unknown. Among the major 
components of biomass, lignin presents the greatest difficulty in understanding the 
relationship between structure and the devolatilisation mechanisms that occur during 
typical thermochemical conversion processes. This is due to the complexity of its structure 
and the difficulty in isolating lignin without significantly altering the structure (Evans et 
al., 1986). Extensive charring and condensation reactions may occur during 
188 
Chanter 6 Fate of dung-derived lignin in soil 
depolymerisation owing to poor heat transfer through the sample, slow heating rates and 
long residence times of the products in the pyrolysis zone. During the pyrolysis of lignin, 
thermal energy is distributed among the internal degrees of freedom of the polymer 
network. This results in several competing thermal degradation reactions, during which 
different bonds will dissociate at different temperatures, depending on the different bond 
energies (van der Hage et al., 1993). 
Evans et al. (1986) highlighted four important functionalities which are indicated in Figure 
6.7 and discussed in turn below: 
I. 0-04 linkage 
The chemolytic thermal bond rupture of the [a- and] ß-alkyl-aryl ether bonds (van der 
Hage et al., 1993) is critical in thermal degradation because of its predominance and 
thermal lability. The transfer of H to the phenolic 0 linked to the ß-position is an 
important factor. If the ß-position is occupied by an ether linkage, and the a-C has some 
other 0 functional group, e. g. COH, OH, or an ether (Fig. 6.7, Model 1), then the transfer 
of H to satisfy the breaking of both these bonds becomes the limiting factor in 
devolatilisation. 
ii) Free phenolic OH 
The number of free phenolic OH groups (Fig. 6.7, Model 1) is a critical parameter because 
they activate the cleavage of the 0-O-4 bond to the C3 side-chain compared to structures 
without free phenolic groups. 
iii) y-C OH 
The OH group at y-C (Fig. 6.7, Model 1 and 2) is often cleaved in the formation of lower 
molecular weight pyrolysis products, such as vanillin and vinylguaiacol, and may be a site 
of transferable H. 
iv) a-C 0 
The 0 function on the a-C affects the lability of the of the alkyl unit. With an a-OH group 
the dimer was thermally labile (Fig. 6.7, Model 1), but an increase in thermal stability 
occurred in the presence of a-COH (Fig. 6.7, Model 2). 
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Figure 6.7 Two potential lignin dimer structures showing four important functional 
groups: 1ý-0-4; free phenolic -OH at C4; primary -Oil on the y-C; -OH or -COH function 
on the a-C, expected to determine the yield of volatile species from lignin (from Evans et 
al., 1986). 
Klein & Virk (1983) used a model dimer, phenylethyl phenyl ether, which contains the 3- 
0-4 ether linkage prevalent in natural lignins to define the mechanism of ß-0-4 cleavage 
(Fig. 6.8). They pyrolysed the dimer at 400°C and found the primary products were phenol 
and styrene. Both homolytic free-radical mechanisms and concerted 6-centre retro-ene 
mechanisms have been postulated to cause this cleavage during lignin pyrolysis (Klein & 
Virk, 1983; Evans et al., 1986; van der Hage et al., 1993). However, no evidence has 
indicated that lignin pyrolysis is a free-radical process (Evans et al., 1986) and it has been 
concluded that the latter mechanism is the most reasonable primary reaction in lignin 
pyrolysis (van der Hage et al., 1993). 
Phenmiethyl phenyI ether Phenol Styrene 
a 





Figure 6.8 Concerted 6-centre retro-ene fragmentation of a model phenylethyl phenyl 
ether dimer at the Fý-0-4 linkage during pyrolysis at 400 °C to its primary products, phenol 
and styrene, showing positions of a and ß carbons (Klein & Virk, 1983; Evans et al., 
1986). 
6.3 Aims and objectives 
It is presumed that stable forms of SOM contain a high abundance of compounds derived 
from lignin, but little information exists on the short-term dynamics (<1 year) of lignin in 
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soil and none on the fate of lignin from cow dung. Therefore, the objectives of this chapter 
were to: 
1. Assess the application of an off-line pyrolysis method to the analysis of phenolic 
compounds derived from lignin in natural abundance 13C-labelled cow dung 
2. Utilise compound-specific C isotope mass spectrometry to track the movement of dung 
lignin in the surface horizons of a soil over one year, against significant background input 
of native Graminae lignin contributed to the soil over the growing season 
6.4 Lignin analysis of C4 dung treated soils over one year 
C4 dung (S13C = -12.69/oo) was used to treat a plot of C3 temperate grassland soil (S13C =- 
30.3%. o). Dung residues and underlying soil were sampled on seven sampling occasions 
over 372 d. On each. occasion, the experimental dung pat was removed using a metal grid 
and a core of soil taken directly beneath. This was divided into 0-1 cm and 1-5 cm 
increments. Both dung residues and soils were dried and milled for analysis. Bulk S13C 
analysis of the soils estimated that a maximum of 12% of the applied dung C was 
incorporated into the soil by 112 d, which declined thereafter (Fig. 3.10). Although lignin 
forms a minor fraction of dung compared to carbohydrates, its recalcitrant nature might 
cause a comparative enrichment in abundance over time as more labile compounds are 
degraded. Lignin is widely reported to be 2- 6%. o depleted in 13C compared to bulk OM 
values (Boutton, 1991b; Schweizer et al., 1999; Yeh & Wang, 2001). Thus, the depletion 
in bulk 8'3C values in the C4 dung treated soil may not necessarily imply a loss of 13C_ 
labelled matter per se from the system, but provide evidence for the loss of labile, 
relatively 13 C-enriched compounds from the dung material. Thus, it was essential that the 
contribution of 13 C-depleted lignin within the dung was considered in order to understand 
the fate of dung in the soil. Lignin-derived phenols were released by off-line pyrolysis of 
lipid-extracted C4 dung and experimental soils. These were derivatised to their TMS 
ethers which were subjected to GC, GC-MS and GC-C-IRMS analyses. All experimental 
methods are given in Chapter 2. 
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6.4.1 GC analysis of dung pyrolysates 
GC analysis of lignin in pyrolysates of lipid-extracted C4 dung (Fig. 4.12) yielded complex 
mixtures of lignin, chlorophyll and carbohydrate products. The C4 dung had been applied 
to C3 grassland plots and sampled at seven intervals over 372 days. Three key sample 
dates were selected for the comparison of lignin pyrolysis products. These were at peak 
dung C incorporation in the 0-1 cm horizon (t = 56) and the 1-5 cm horizon (t = 112) 
and in both horizons at the end of the experiment (t = 372). Figure 6.9 shows TIC 
chromatograms of the major phenolic compounds and levoglucosan extracted from the 
experimental soils using off-line pyrolysis. Although the range of compounds extracted 
from the samples were replicable, the yields of each compound quantified against an 
external standard were not reproducible. Therefore, only comparisons of abundance 
between components were made. Issues of reproducibility and the potential for the use of 
internal standards were explored in an undergraduate final year project (Stear, 2005). The 
findings of this study are summarised below. 
All of the TIC chromatograms in Figure 6.9 were dominated by levoglucosan; which is the 
major pyrolysis product of cellulose. With regard to lignin-derivatives, there was an 
obvious higher abundance of phenolic products from the 0-1 cm horizon at t= 56, 
compared with the end of the experiment and with the 1-5 cm horizon. The range of 
products from the 0 -1 cm horizon after 372 d illustrates a dramatic reduction in lignin by 
the end of the experiment. All of the lower molecular weight products, i. e. 4-vinylphenol, 
catechol (1,2-dihydroxybenzene), syringol (2,6-dimethoxyphenol), 4-ethylsyringol, 4- 
vinylguaiacol (2-methoxy-4-vinylphenol), 4-methylsyringol and 3-methoxycatechol were 
significantly reduced after 372 d and this was also apparent in the 1-5 cm horizon. 
However, the abundance of lignin-derived products in the 1-5 cm horizon at t= 112 was 
also depleted compared to the upper horizon at t= 56, suggesting that the migration of 
dung-derived lignin below the soil surface was restricted. Of course, two months had 
elapsed between t= 56 and t= 112 such that decomposition of lignin, or dilution by the 
soil pool and vegetative input, may have taken place. The requirement for complete 
analysis of samples from the remaining dates is clear although time did not permit this. 
The 1-5 cm soil horizon at the end of the experiment (t = 372) was the most depleted in 
dung-derived lignin products, although there were still reasonable abundances of the 
propenyl derivatives: 4-(2-propenyl)guiaicol, 4-(1-propenyl)guaiacol), 4-(2-Z- 
propenyl)syringol, 4-(2-E-propenylsyringol), 4-(2-propanone)syringol, and 4- 
acetylsyringol. However, all of the products identified are ubiquitous to plant lignins and 
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cannot be assigned to a dung provenance, and, therefore, the use of GC-C-IRMS was 
essential to differentiate between sources. 
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Figure 6.9 Partial TIC chromatograms of trimethylsilylated pyrolysate from C4 dung- 
treated soil at t=56 and t= 372 from the 0-1 cm horizon, and t= 112 and t= 372 from the 
1-5 cm horizon showing lignin derivatives and levoglucosan. 
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In order to assess the amount of dung-derived lignin in soil over one year, mixtures of 2%, 
4%, 6%, 8%, 10%, 12% and 14% dried, milled C4 dung had been mixed with samples of 
dried, milled control soil and subjected to off-line pyrolysis. It was assumed that there 
would be a 1: 1 relationship between the percentage increase in C4 dung added to the 
control soil, and the abundance of monolignols extracted from the mixtures by off-line 
pyrolysis. Due to the lack of a reliable internal standard, an external standard (n- 
octatriacontane) was used to calculate the concentration of lignin-derived compounds in 
pyrolysates using their peak area. Faix et al. (1987) added cyclohexanol as an external 
standard to off-line pyrolysate, and ethylvanillin has been used as an external standard 
added to the oxidized phenols after heating in the CuO oxidation method (Hedges & Ertel, 
1982). The sum (1) of the concentration of monolignols: 4-vinylphenol, catechol, 
syringol, 4-ethylguaiacol, 3-methylcatechol, 4-methylcatechol, 4-ethylsyringol, 4- 
vinylguaiacol, 4-methylsyringol, 3-methoxycatechol, 4-formylguaiacol, 4-vinylsyringol, 4- 
(1-propenyl)syringol, 4-(2-Z-propenyl)syringol, and 4-acetylsyringol was calculated for 
each percentage. Figure 6.10 shows the concentrations plotted against percentage dung. A 
trendline was calculated, and the R2 value (0.59) shows that the monolignol concentrations 


















Figure 6.10 Plot of % dung lignin calculated from Y_ concentrations of monolignols in 
trimethylsilylated off-line pyrolysates of control soil mixed with 0%, 2%, 4%, 6%, 8%, 
10%, 12%, 14% C4 dung showing trendline and R2 value (n = 1). 
As both the dung and the soil had been milled, homogeneity of the samples was assumed. 
Therefore, the variation in the amount of lignin-derived monomers in the pyrolysate must 
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have been due to inadequacies in the experimental procedure. Faix et al. (1987) had 
previously suggested that the condensation or decomposition of sensitive degradation 
products during post-pyrolysis processing might present a potential disadvantage of the 
off-line pyrolysis method. In order to investigate concerns regarding variation in the 
products of the off-line pyrolysis method according to Poole & van Bergen (2002), issues 
of reproducibility and the potential for the use of internal standards were explored in an 
undergraduate final year project. Stear (2005) found by using C38 n-alkane as an external 
standard that yields of similar compounds from the pyrolysis of the same substrate under 
similar conditions were not reproducible (n = 3), and identified steps in the Poole & van 
Bergen (2002) protocol for processing pyrolysates prior to GC analysis that were 
responsible, e. g. loss of volatiles products during filtration and evaporation of solvents. 
The condition of the sample, i. e. initial quantity or compaction during pyrolysis, was also 
found to influence yield. However, the range of pyrolysis products obtained was not 
compromised. 
6.4.2 PC analysis of lignin derived phenols in C4 dung treated soils. 
The pyrolysates of C4 dung treated soils (Fig. 6.9) contained a complex mixture of 
products which was not fully resolved by GC. However, several C4 dung lignin 
biomarkers were identified using GC-MS (diagnostic fragment ions were given in Table 
4.4); 4-vinylguaiacol, 4-vinylsyringol, 4-(2-Z-propenyl)syringol, 4-(2-E-propenyl)syringol, 
4-acetylsyringol, 4-(2-propanone)syringol (Fig. 6.11) were selected for C isotopic analysis 
based on their diagnostic structures, baseline GC resolution and, thus, robust 6'3C values, 
and used as proxies for C4 dung lignin incorporation in treated soils. According to 
estimates from forage fibre analysis, lignin constituted 7% of dung DW (Table 4.3). Due 
to its predicted recalcitrance, it was postulated that the contribution of lignin to bulk 813C 
values would only become significant towards the end of the experiment, when the more 
labile carbohydrate components (constituting up to 80% of dung DW) would have 
diminished in concentration through decomposition. Therefore, the 813C values of 
monolignols from the experimental soil pyrolysates were determined at maximum bulk 
dung C incorporation (Fig. 3.10) in the 0-1 cm (t = 56) and 1-5 cm horizons (t = 112) 
and compared to the 813C values of similar compounds in both horizons at the end of the 
experiment (t = 372). 
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4-vinylguaiacol 4-vinylsyringol 
Figure 6.11 Structures of base-line resolved pyrolysate products used to determine 
S13C values using GC-C-IRMS. 
6.4.2.1 Gross variation in dung lignin incorporation between sampling occasions 
The plotted bulk C4 dung and C3 control soil bulk 813C values (shown as dotted lines in 
Figs. 6.12 & 6.13) showed a potential maximum A13C of 17.5%o. The x A13C values are 
shown in red on each graph. Perusal of the of the illustrated data shows that the largest x 
A13C value of 12%o for the monolignols was determined in the 0-1 cm horizon at t= 56 
(Fig. 6.12a) suggesting that peak input of dung lignin might coincide with that of the major 
carbohydrates (see Section 5.4.2), presumed to correspond to a significant rain event 
between the t= 28 and t= 56 sampling dates (Fig. 3.10). Vane et al. (2001) and 
Leonowicz et al. (1999) proposed that efficient lignin decomposition is linked to the 
presence of polysaccharides and their degradation products. It is presumed that unbound 
carbohydrates would be utilized preferentially to lignin by decomposing fungi (in addition 
to non-lignolytic bacteria and fungi) as a more accessible energy source. Thus, the loss of 
carbohydrates from the dung pats after heavy rainfall may have triggered enhanced 
degradation of the lignin polymer as the white rot fungi switched from carbohydrate to 
lignincellulosic degradation. In addition, the penetration of fungal hyphae may have been 
retarded by the presence of the resistant crust formed on the dung pats after deposition that 
was probably disrupted by the heavy precipitation. Dickinson & Underhay (1977) 
observed that hyphae were initially observed in the surface layers of dung and spread 
slowly down into the pat. At t= 372 in the 0-1 cm horizon (Fig. 6.13 a) the x A13C values 
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for the lignin biomarkers was 4%. 0, suggesting that two-thirds of the amount of dung lignin 
(based on the data of the six monolignols) was in the top soil horizon, compared with 
abundance at t= 56. A loss of dung lignin from the soil was presumed as the 813C values 
of the dung lignin monomers had moved towards the bulk values of the C3 soil; 
alternatively this effect could be caused by dilution of 13 C-depleted molecules from the C3 
soil and vegetation. 
The x 013C value of 5%o for the monolignols at t= 112 (Fig. 6.12b), when peak bulk dung 
C incorporation was estimated in the lower 1-5 cm horizon, suggests that less lignin had 
moved into the lower I-5 cm horizon compared with t= 56. However, the x A13C value 
at t= 372 (Fig. 6.13b) of 19,66o was misleading as the values of the monolignols extracted 
from the control plots had migrated towards the C4 dung values. This suggests that the 
control plots at 1-5 cm had been contaminated by C4 dung-derived material after 372 d, 
perhaps by horizontal leaching of soluble lignin derivatives through the soil. The x 513C 
value of lignin components from the control plots (613C = -25%o) and C4 dung treated plots 
(S13C = -24%o) at t= 372 was similar. The soil at the experimental site has an A horizon 
that is waterlogged for considerable periods of the year (Harrod, 1981) caused by high 
precipitation rates (1035 mm a l) and an impermeable clay layer at around 20 cm depth. 
The translocation of irrigation water in a clay loam has been measured up to 75 cm 
horizontally after 48 hours (Brady & Weil, 2002), and the experimental plots were only 40 
cm apart (see Section 2.5.2). This indicates that at least a proportion of the dung lignin 
after one year was in a highly soluble form, available for transport of water through the soil 
for not inconsiderable distances. This may be partly due to the action of rumination on the 
lignin macromolecule. Soluble lignin fragments are released in the rumen and excreted in 
faeces (and urine) after anaerobic cleavage of carbohydrates from the lignocellulosic 
complex (Pearce & Beauchop, 1985; Kondo et al., 1998), hydrogenation of the alkyl side- 
chain (Chesson et al., 1999), cleavage of methyl-ether linkages (Berry et al., 1987), and 
decarboxylation of hydroxycinnamic acids (Martin, 1982). However, it is likely that the 
action of aerobic soil fungi is most significant in the degradation of lignin and the 
production of soluble fragments and monolignols. Section 6.2.2.1 describes the 
mechanisms of aerobic fungal decomposition of lignin in the soil. 
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Figure 6.12 613C values (n = 2) of off-line pyrolysis products from lipid-extracted control 
(C3) (") and C4 dung-treated ( ) soils at peak dung C incorporation, a) 0-1 cm, t= 56, b) 
I-5 cm, t= 112, showing individual 813C values and x A13C values, with C3 soil (- - -) 
and C4 dung (- - -) bulk 813C values. Key: 4-VG = 4-vinylguaiacol, 4-VS = 4- 
vinylsyringol, 4-(2ZP)S = 4-(2-Z-propenyl)syringol, 4-(2EP)S = 4-(2-E-propenyl)syringol, 
4-AS =4 acetylsyringol, 4-(2P)S = 4-(2-propanone)syringol. 
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Figure 6.13 613C values (n = 2) of off-line pyrolysis products from lipid-extracted control 
(C3) (") and C4 dung-treated ( ) soils at t= 372, a) 0-1 cm, b) 1-5 cm, showing 
individual 813C values and .r 
A13C values, with C3 soil (- - -) and C4 dung (- - -) bulk 
S13C values. Key: 4-VG = 4-vinylguaiacol, 4-VS = 4-vinylsyringol, 4-(2ZP)S = 4-(2-Z- 
propenyl)syringol, 4-(2EP)S = 4-(2-E-propenyl)syringol, 4-AS =4 acetylsyringol, 4-(2P)S 
= 4-(2-propanone)syringol. 
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6.4.2.2 Variation of incorporation between compounds 
The 613C values for the 4-vinylguaiacol (-106o), 4-vinylsyringol (-15%o) and 4- 
acetylsyringol (-18%o) extracted from the soil at t= 56 are similar to the values of those 
extracted from the dung (Fig. 4.14; -11 %. o, -15 %o and -15%o, respectively) which suggests 
that the dung lignin was contributing significantly to the SOM in the 0-1 cm at the peak 
of dung C incorporation in this horizon. However, at t= 112 in the 1-5 cm horizon and at 
t= 372 in both horizons, the 813C values deviated from the dung 813C values 
unpredictably, and the range of A13C values between the control and C4 dung treated 
experimental soils suggested there was a wide variation in incorporation and loss between 
individual monolignols. The data implied that lignin derivatives were being incorporated 
and lost by leaching, mineralization (or dilution by C3 input) at different rates, which might 
depend on individual compound structure and potential for recalcitrance within the 
polyphenolic structure. For example, at t= 112 in the 1-5 cm horizon A13C values ranged 
from Moo for 4-(2-propanone)syringol to 13%o for 4-(2-E-propenyl)syringol. In order to 
illustrate the differences, the amount of each monolignol in the soil as a proportion of the 
initial amount in the C4 dung was calculated, in a similar fashion to that of the 




=x 100 S3 Ccpd. 
-trt 
The calculation assumed that total replacement of native C3 phenolic monomers would 
give S13C values equivalent to the S13C values of the monosaccharides in the fresh C4 
dung. Subsequent quantification was not possible as the use of a standard had been proven 
unreliable (Stear, 2005), so the individual contribution of the various compounds in terms 
of absolute quantities lost or sequestered in the soil could not be ascertained. 
The histograms in Figure 6.14 demonstrate that the incorporation of 4-vinylguaicol and 4- 
vinylsyringol lignin moieties were highly abundant at peak dung incorporation and ensuing 
reduction in both the 0-1 cm and 1-5 cm horizons. 4-vinylguaiacol and 4-vinylsyringol 
are the side-chain oxidation products of coniferyl alcohol and sinapyl alcohol, respectively 
(Huang et al., 1998). 4-vinylguaiacol is also the decarboxylation product of ferulic acid 
that forms covalent cross-linkages between hemicellulose and core lignin in the plant cell 
wall (Fig. 5.15; Jung & Ralph, 1990). Thus, this monolignol is one of the primary 
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products of lignin oxidation in non-woody vascular plant tissues (van der Hage et al., 
1993), probably due to its position on the periphery of the polyphenylpropanoid structure. 
Huang et al. (1998) found that the litter and organic horizons of soil were dominated by 4- 
vinylguaiacol and 4-vinylphenol, although the soils in that study were from a tundra 
ecosystem and may have had retarded decomposition rates due to low temperatures. 
Martens (2000) found that ferulic acid and p-coumaric acid had calculated half-lives of 
<56 d in corn residue in vitro at 22°C. 4-vinylphenol, the decarboxylation product of p- 
coumaric acid, was seen in high abundance in dung and at t= 56 in the 0-1 cm horizon, 
but was negligible in both control and dung-treated soils at t =112 and 372, suggesting that 
its source was rapidly degraded or leached from soils. Similarly, Gleixner et al. (2002) 
found 4-vinylphenol and 4-vinylguaiacol were amongst several lignin pyrolysis products 
identified in crop tissues but not in arable soils. The degradation of ferulic acid and p- 
coumaric acids may also have been accelerated by activity in the rumen where significant 
decarboxylation of hydroxycinnamic acids to their volatile phenolic forms occurs (Martin, 
1982). 
4-(2-Z-propenyl)syringol was present at 48% and 55% of initial dung lignin abundances in 
the 0-1 cm soil at t= 56 and t= 372 , respectively (Fig. 6.14a), ' exhibiting a pattern of 
initial gain then loss in the lower horizon (Fig. 6.14b). This suggests that this lignin 
derivative existed in a stable form in the upper horizon perhaps as a constituent of a stable 
lignin structure, but once cleaved from the main structure and leached into the lower 
horizon behaved in a fashion analogous to 4-vinylsyringol. The 4-(2-E-propenyl)syringol 
pyrolysis product showed a different pattern of incorporation to 4-(2-Z-propenyl)syringol 
suggesting different sources for the two isomers in the lignin macromolecule. The E 
isomer was only observed in the pyrolysate of dung-treated 1-5 cm soil at t= 112 (Fig. 
6.14b), but was lost from this horizon by the end of the experiment, with only a small 
residue in the top centimetre remaining after 372 d suggesting its origin as a constituent of 
a less recalcitrant region of the phenylpropanoid structure than the Z-isomer. Possible 
causes of this diametric activity are the physical and chemical availability of these lignin 
moieties to the agents of decomposition. The Z conformation may favour stronger C-C 
coupling and, therefore, be derived from the mid-lamella and the primary cell wall in close 
association with polysaccharides, whilst the E isomer may be more associated with the 
more labile P-04 linkages in the secondary cell wall (Grabber et al., 2003). 
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Figure 6.14 Proportions of dung monolignols in the a) 0-1 cm horizon at t= 56 and t 
= 372, and, b) I-5 cm horizon at t= 112 and t= 372. Key: 4-VG = 4-vinylguaiacol, 4-VS 
= 4-vinylsyringol. 4-(2ZP)S = 4-(2-Z-propenyl)syringol, 4-(2EP)S = 4-(2-E- 
propenyl)syringol, 4-AS =4 acetylsyringol, 4-(2P)S = 4-(2-propanone)syringol. 
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Other lignin stereoisomers have also been observed to have different stabilities. The 
formation of ß-O-4 ethers between monolignols is also known to produce erythro- and 
threo- isomers with different chemical reactivity (Fig. 6.15): etherified ervtho-isomers are 












Figure 6.15 0-O-4 threo- and erythro- isomers of two hydroxycinnamyl alcohols 
during monolignol-oligolignal crosslinking during the growth of the lignin molecule (from 
Ralph et a!., 2004). 
The pyrolysis products with oxygenated side-chains, i. e. 4-acetylsyringol and 4-(2- 
propanone)syringol seem to be derived from a resistant source of dung lignin as both lignin 
moieties were more abundant in the 0-1 cm horizon compared to the lower horizon. 4- 
acetylsyringol was determined at 100% abundance at t= 372. Huang et a!. (1998) also 
found similar pyrolysis products with a propene side-chain were abundant in the surface 
soil horizons. However, Gleixner et al. (2002) found that pyrolysis products with a 
slightly higher molecular weight and more 0 were not detected in the soil after a few 
years, and postulated that the loss of 0 combined with simplification might correspond to 
on-going humification processes. 
6.4.3 Comparison of carbohydrate extraction and derivatisation methods 
Figure 6.16 shows the corrected 613C values for levoglucosan (LG) for the sample dates t= 
56 (0 -1 cm horizon), t= 112 (1 -5 cm horizon), and t= 372 (both horizons), and those for 
glucitol (GLU) reported in Chapter 5. The results from the off-line pyrolysate of 
levoglucosan in the soil showed that at t= 56 (Fig. 6.16a) in the 0-1 cm horizon there was 
a A13C value of 139% between the control and dung treated soil, which declined to 10%o at t 
= 372 days. although a would suggest that the difference was not significant. The A13C 
values for glucose at similar dates in the 0-1 cm horizon were I l%o and 7%o, respectively. 
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In the 1-5 cm horizon (Fig. 6.16b) the A13C value for levoglucosan was 3%o at t= 112 and 
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Figure 6.16 13C values (n = 2) plotted for individual trimethylsilylated levoglucosan 
derived from off-line pyrolysis and alditol acetates of glucose derived from acid 
hydolysates of lipid-extracted control (C3) and C4 dung-treated a) 0-1 cm soil horizons at 
t= 56 (. ) and 372 (A) and b) 1 -5 cm soil horizons at t= 112 () and 372 (n), with C3 
soil (- - -) and C4 dung (- - -) bulk 6'3C values. Key: LG = Levoglucosan, GLU = 
Glucose. Con = Control soil, C4 = C4 dung treated soil. 
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Concern was raised during the analysis of silage and dung off-line pyrolysates regarding 
the discrepancy between the S13C values of alditol acetates of acid hydrolysates of glucose 
and trimethylsylilated off-line pyrolysates of levoglucosan (see Section 4.5.3.1.2), 
particularly due to the positive values calculated for levoglucosan from C4 dung and ortho 
structural isomers. This was presumed to be due to incomplete derivatisation owing to 
steric hindrance, and was accounted for by correcting for a reduced amount of TMS C 
(Table 4.5). However, it would appear that, although there were discrepancies between the 
8'3C values of the TMS ethers of levoglucosan from off-line pyrolysis and alditol acetates 
of monosaccharides" from acid hydrolysates, the pattern of 13C enrichment for both 
methods was comparable apart from the slight increase in 8'3C values for glucose in the 1- 
5 cm soil at t= 372. The quality of derivatisation may be improved through the use of 
pyridine as a base catalyst in conjunction with BSTFA, and it is intended to reanalyse the 
same samples using this procedure for comparison 
6.4.4 Summary: Lignin analysis of C4 dung treated soils 
Application of the off-line pyrolysis technique described by Poole & van Bergen (2002) 
showed that the yield of the pyrolysis products of lignin were not proportional to the 
percentage of added dung as expected. This raised questions of reproducibility of the off- 
line pyrolysis technique which were explored by Stear (2005) who found that yields of 
individual lignin monomers released by off-line pyrolysis were highly variable when 
measured against an external standard. Therefore, rigorous quantification of lignin 
pyrolysate was not possible. The major source of error was losses arising from the 
analytical protocol used to prepare pyrolysates for GC analysis. 
The A13C values between 513C values of six dung lignin biomarker monolignols from 
control and C4 dung treated soils showed a high abundance of dung-derived lignin in soil at 
the peak of dung incorporation (t = 56,0 -1 cm) indicated by bulk C isotope analysis, but 
that in the lower horizon (1 -5 cm), and at the end of the experiment in both horizons, the 
origin of different lignin moieties was much more variable. The more volatile pyrolysis 
products, 4-vinylguaiacol and 4-vinylsyringol appeared but then disappeared from 
pyrolysates of both soil horizons. The E and Z structural isomers of 4-(2- 
propenyl)syringol displayed diametric behaviour, the Z isomer apparently derived from a 
more recalcitrant lignin moiety than the E isomer. Phenolic products with an oxygenated 
side-chain, i. e. 4-acetylsyringol and 4-(2-propanone)syringol, were only significant in 
pyrolysates of the top 1 cm of dung-treated soil and appeared in significant abundances in 
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pyrolysates and soils taken throughout the experiment. As above, this variability in 
behaviour was presumed to be related to the chemistry of the various lignin monomers 
their origin in the lignin molecule, as well as their interaction with other components of the 
soil matrix. A decline in 813C values was attributed to loss by physical leaching of lignin- 
rich dung, dilution of C4 dung-derived OM by native C3 vegetation input, or mineralization 
by fungi during the summer. The translocation of C4 dung-derived lignin to control plots 
in the I-5 cm horizon at the end of the experiment was considered to be a function of 
horizontal leaching of soluble lignin derivatives in the saturated A soil horizon during the 
winter. The solubility of lignin in dung may be enhanced by cleavage of some lignin inter- 
phenol bonds during rumination. 
The incorporation of dung carbohydrates was also explored by measuring 813C values of 
levoglucosan from off-line pyrolysis. These values were compared with those of glucose 
extracted by acid hydrolysis and determined by GC-C-IRMS as its alditol acetate. The 
pattern of13C enrichment was comparable apart from the slight increase in S13C values for 
glucose in the lower soil horizon at the end of the experiment. 
6.5 Concluding remarks 
I. Off-line pyrolysis was employed to obtain phenolic products from C4 dung treated and 
control soils. Subsequent trimethylsilylation of the pyrolysate produced analytes of 
sufficient volatility for GC, GC-MS and GC-C-IRMS analysis. Stable C isotope analyses 
produced robust A13C values between biomarker compounds originating from treated and 
untreated experimental plots that could be used to explore the fate of dung lignin at key 
dates. However, problems with reproducibility of yield and calculation of 813C values 
determined after pyrolysis of silage and dung materials (Chapter 4) highlighted a need for 
further method development. 
II. Analysis of the 813C values of six monolignols from the off-line pyrolysates from 
experimental temperate C3 grassland soil treated with Zea mays dung (C4) dung at key 
sample dates demonstrated a range of degradation rates of lignin moieties in soil. These 
implied that some moieties of dung lignin were not as recalcitrant as previously assumed, 
and, although absolute quantification was not possible at this juncture, the findings 
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suggested that lignin would not have significantly contributed to bulk 813C values relative 
to carbohydrate compounds towards the end of the experiment. 
III. The incorporation of lignin derived from dung into soils is a dynamic and variable 
process, influenced by a range of physical, biological and chemical processes. These 
conclusions were based on observations from only three sample dates. As dung lignin 
appeared to be more labile than expected, pyrolysis of soils from earlier sample dates 
would be especially valuable. 
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Chapter 7 THE FATE OF SELECTED DUNG-DERIVED LIPIDS IN THE 
SURFACE HORIZONS OF TEMPERATE GRASSLAND SOIL 
7.1 Abstract 
Although the lipids constituted only a minor fraction of dung, their diagnostic qualities 
enabled several soil processes to be explored. 5ß-stanols and free fatty acids extracted 
from control and C4 dung treated soils suggested that concepts of recalcitrance might rely 
not so much on individual chemistry, but on the potential of molecules to escape 
degradation or leaching by forming associations with basic minerals or humic substances. 
Significantly, it appeared that 5ß-stanols were no more recalcitrant over 372 d than 
carbohydrates. The most abundant LCFA (C16 and C18) appeared to have been degraded 
by ß-oxidation almost completely by the end of the experiment. However, although the 
VLCFAs (>C20) contributed only a small proportion of the total dung lipid budget, their 
apparent recalcitrance in the soil makes them significant for long-term C sequestration in 
grassland soils. PLFA analysis determined that fluctuations in the magnitude of the SMB 
correlated with the pattern of dung C input. An unexpected enrichment in13C determined 
in the SMB at the end of the experiment coincided with increases in concentrations of 
dung-derived carbohydrates at this time. 
7.2 Introduction 
The term lipid applies to organic molecules insoluble in water and extractable by various 
organic solvents, and encompasses a diverse range of compounds with contrasting 
molecular structures from simple aliphatic n-alkanes, n-alkanoic acids and n-alcohols, 
complex aryl terpenoids and steroids and aliphatic moieties of biomolecules such as 
glycerolipids and phospholipids. Although low in abundance, constituting only 1- 8% 
SOM (Bull et al., 1998; 2000a) in soils, compared with other organic fractions such as 
carbohydrates and lignin, the functional diversity of lipids and their consequent variable 
rates of transformation and degradation may be exploited to obtain information on 
different soil processes (Bull et al., 2000a) and preservation mechanisms (Quenea et al., 
2004). These diagnostic qualities confer an essential role on lipids as tracers of C inputs to 
209 
Chanter 7 Fate of dune-derived lipids in soil 
terrestrial systems and may contribute to the elucidation of basic mechanisms of SOM 
stabilisation. 
The main sources of soil lipids are either fresh plant material or herbivore dung, with 
smaller inputs from the SMB and soil biota. Although it is generally considered that lipids 
exhibit a relatively high resistance to degradation in soil (Quenea et al., 2004), the 
composition, concentration and diagenetic fate of lipids can vary between soil 
environments due to differences in sources of OM (Bull et al., 2000a) and soil chemistry. 
In common with other organic compounds, the SMB is ultimately responsible for lipid 
decomposition, and there are a number of abiotic factors which influence the accumulation 
and degradation of lipids (Moucawi et al., 1981). For instance, soils with low acidity often 
exhibit relatively high lipid content due to inhibition of microbial activity (Moucawi et al., 
1981; Bethell et al., 1994; Bull et al., 2000a). Lipids may also be sequestered in soils 
through association with clay minerals and humic substances. 
In this chapter, the fate of dung in the surface horizons of a temperate grassland soil is 
explored using natural abundance 
13C-labelled dung-derived lipids. Dung contains a 
diverse array of lipid compounds that originate in undigested plant matter, the detritus of 
rumen and gut microbes and endogenous waste. Time constraints forced a selection of 
lipid components to be made that were considered to provide most information on the fate 
of dung in top soil after deposition. Consequently, the 50-stanols, free n-alkanoic acids 
and PLFAs were elected due to their contrasting diagnostic qualities. All lipid fractions 
were derived from TLEs, which were fractionated to isolate the target compounds for 
analysis using GC, GC-MS and GC-C-IRMS. All experimental details are presented in 
Chapter 2. 
7.2.1 Fate of dung-derived sterol compounds in soil 
The 50-stanols are true biomarkers in that they maintain sufficient structural integrity for 
their source to be recognised (Leeming et al., 1996). In aerobic soil conditions, the A5 
bond is also hydrogenated, but to the 5a form, e. g. 5a-stigmastanol; the 50 epimer does 
not occur outside the intestine (Bethell et al., 1994; Bull et al., 2001; 2002; Ibanez et al., 
2000). Bull et al. (1998) found a 5ß-stanol signal persisted 120 years after the cessation of 
manuring in an agricultural soil, providing evidence for the persistence of these molecules 
in soil. Evershed et al. (1997) utilised 5ß-stanol compounds to identify areas of manuring 
in a modem experimental field after thirteen annual applications. Although minor 
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concentrations were observed in control soils this was not considered to detract from the 
scale of enhancement over background levels. 
It has been reported that many microorganisms utilising enzymes such as cholesterol 
oxidase (Lee et al., 1997) are able to degrade cholesterol (Fig. 7.1,1) and other sterols 
such as sitosterol and stigmasterol. This first step in sterol decomposition involves the 
oxidation of the hydroxyl group at C3 and rearrangement of the double bond to the C4-C5 
position (Braids & Miller, 1975) to form 4-cholestene-3-one (Fig. 7.1,2), the main 
metabolite (Yazdi et al., 2000). This is then converted into either cholest-1,4-dien-3-one 
(Fig. 7.1,3a), or androst-4-en-3,17-dione (Fig. 7.1,3b) through cleavage of the side-chain 
(Bull et al., 1997) both of which are transformed to androst-1,4-dien-3,17-dione (Fig. 7.1, 
4) (Ahmad et al., 1991; Bull, 1997) and ultimately to non-steroidal products (Bull, 1997) 
that can be completely degraded to CO2 and water (Patil et al., 2002) by non-specific 
microbes. It has been reported that an Agrobacterium sp. strain was able to completely 
degrade a 0.2% cholesterol medium in six days (Yazdi et al., 2000). 
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Figure 7.1 Degradation pathway of cholesterol by soil microorganisms (from Bull, 1997). 
Key: 1. cholest-5-en-30-ol (cholesterol); 2. cholest-4-en-3-one; 3a. cholest- 1,4-dien-3 -one; 
3b. androst-4-en-3,17-dione; 4. androsta-1,4-3,17-dione, 5. unknown intermediate; 6.3- 
hydroxy-9,1 -secandros-1,3,5(10)-trien-9,17-dione. 
In spite of the reported efficacy of microbial breakdown of sterols, significant quantities of 
50-stanol exist for long periods in soil, although neither the diagenetic fate nor the precise 
mechanism of retention of steroids in the soil is clear (Bethell et al., 1994; van Bergen et 
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al., 1997). 5ß-stanols are thought not to migrate vertically but most biotic activity takes 
place in the topsoil, and, therefore, the possibility of horizontal movement of 5ß-stanols 
can exist alongside the likelihood of relative vertical stability (Evershed et al., 1997). 
Naafs et al. (2004) observed that extracted steroidal components were only found in the 0 
horizon of a podzol and concluded that they were absent from underlying soil due to 
bacterial degradation. Bull et al. (2000a) noted an overwhelming loss of sitosterol between 
the humic and mineral horizons of the Broadbalk and Geescroft Wilderness soils (IACR- 
Rothamsted), with attendant increase in its primary oxidation product 24-ethylcholest-4- 
en-3-one (analogous to cholest-4-en-3-one; Fig. 7.1). However, a similar loss of 
apparently more labile lipids was not recorded, and Bull et al. (2000a) suggest that 
assimilation by soil arthropods for synthesis of cholesterol might be an important route 
leading to the major loss of sitosterol from soils. Schnitzer & Schulten (1989) reported 
that sterols were strongly represented in humic material analysed by Py-FIMS, confirmed 
by pyrolysis of isolated humin from a maize crop soil by Lichtfouse (1998a). He identified 
C27 - C29 A2 and A3 steranes and C27 - C29 A ring monoaromatic sterols bearing a methyl 
group at C1 or C4i which appeared to be pyrolysis products of ester-bound sterols. Ester- 
linked sterols are recognized in pyrolysates as sterenes (van Bergen et al., 1997), and as 
these compounds were not identified in GC-MS analysis of the same soil Lichtfouse 
(1998a) surmised that their precursors had been chemically sequestered by ester or ether 
linkages within the degradation-resistant humin matrix. Although most lipids are presumed 
to be preferentially located within the clay fraction (Quenea et al., 2004), Schnitzer & 
Schulten (1989) found sterols were barely represented in the clay fraction of the Ae 
horizon of a typic Haplorthod soil (gravely, sandy loam). Bethell et al. (1994) suggested 
that this was due to the precipitation of the early stages of sterol diagenesis through 
catalytic action of peripheral aluminum ions (A13). 
In summary, though steroidal compounds are considered to be recalcitrant in soils, it would 
appear that this is due to their ability to form strong associations with resistant humic 
matter. In fact, the literature would seem to assert that the efficiency of microbial 
decomposition, in tandem with assimilation by soil arthropods, and possibly the catalytic 
action of inorganic clay minerals afford the isolated steroid molecule less resistance to 
degradation than other lipids. 
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7.2.2 The fate of dung-derived fatty acid compounds in soil 
Fatty acids (n-alkanoic acids or n-carboxyalkanoic acids) are common in all soils due 
mainly to vegetation input, but also derive from the remains of soil microbes and fauna, 
and the oxidation of other aliphatic lipids such as n-alkanes, n-alkanols or other n-alkanoic 
acids (Ambles et al., 1994; Bull et al., 2000a). They are the most abundant class of lipids 
in soil, but input and turnover rates are largely unknown (Lichtfouse et al., 1995; Jandl et 
al., 2004; 2005). Previous research has explored fatty acid input to soils from vegetation 
(Dinel et al., 1998; Bull et al., 2000b; Quenea et al., 2004; Wiesenberg et al., 2004) and 
manure (Bull et al., 1998; Jandl et al., 2005) origins. Compared with the relatively stable 
5ß-stanols from dung, the fatty acids vary in chain length, levels of unsaturation and 
degrees of branching and, therefore, resistance to decomposition, as well as representing a 
variety of provenances (see Section 4.5.4.3). Therefore, investigation of this diverse group 
of compounds provides a range of information on the fate of dung lipids in soil per se in 
the absence of data from other fractions. The determination of their source was elucidated 
using GC-C-IRMS to discriminate between C4 dung- and C3 soil-derived components. 
7.2.2.1 Plant fatty acids 
The two main types of lipid in plant tissue are esters of glycerol: triacylglycerols, which 
are found mainly in seeds, and amphiteric membrane lipids, e. g. galactolipids and 
phospholipids. The generalised structure of these lipids is shown in 7.2. The biochemistry 
of phospholipids as components of microbial membranes is discussed later in Section 
7.4.3. Triacylglycerols are biosynthesised in the endoplasmic reticulum (ER) and stored as 
spherosomes bounded by a PLFA bilayer in the cytoplasm of seed cells (Taiz & Zeiger, 
1991). The cows in the diet switch experiment were fed ensiled Lolium perenne and Zea 
mays forage with low concentrations of seeds, so a minority of unsaturated fatty acids in 
silage would have derived from this source. Phospholipids are found in plant cell 
membranes and mitochondria, and galactolipids in the thylakoid membranes of 
chloroplasts; both contain pairs of hydrophobic fatty acids, commonly C16 - C18, ester- 
linked to a polar moiety. VLCFA (C20 - C34) comprise a proportion of the protective wax 
cuticle common to the aerial structures of all terrestrial plants; they are usually straight 
chained and have a characteristic predominantly even-over-odd C chain length 
VLCFAs were minor components of the C4 dung used to treat the experimental soils (<20 
pg g" soil). C18: o (692 ±186 µg g-1 soil) was the dominant free fatty acid, and Cl6: o (154 
±134 µg g'' soil) was the second most abundant free fatty acid in the faecal material (Fig. 
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4.23) and there were high concentrations of bound LCFA (Table 4.6). Carbon isotope 
analysis of the free fatty acids extracted from the experimental C4 dung inferred an origin 
as undigested components of the C4 Zea mays silage forage, or as detrital products of gut 
bacteria that had used the ingested C4 fodder as a substrate (Fig 4.24). In the soil, the 
major sources of fatty acids are plants, with a similar minor but ubiquitous input of 
microbial lipids from the SMB. Therefore, the difference between the S13C values of 
individual n-alkanoic acids (A'3C), determined by GC-C-IRMS, was employed to establish 
the provenance of the free fatty acids in C4 dung-treated soil against a high background 















CH2 O 11 




















Figure 7.2 The generalised structure of triacylglycerols, phospholipids and galactolipids, 
with glycerol backbone and fatty acid moieties highlighted. 
7.2.2.2 Microbial fatty acids 
Fatty acids derived from the cell membranes of microbes exist either as components of 
PLFA in extant microoganisms or as free fatty acids released from degraded phospholipids 
of microbial detritus. Details of phospholipid synthesis are given below, and the 
generalised structure is given in Figure 7.2. Several fatty acids <C20 can be esterified to 
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the glycerol backbone at position C1 and C2 of the phospholipids in the cell membranes of 
bacteria and fungi. After release from the glycerol and phosphate moieties by base 
hydrolysis, PLFAs from intact bacterial membranes can be used to characterise active soil 
microbial communities to a broad taxonomic and sometimes species level (Frostegärd et 
al., 1993; 1996; 1997; Zelles, 1999; Macnaughton & Stephen, 2001). Table 4.8 gives a brief 
review of biomarker PLFAs used to investigate microbial dynamics. These acyl 
components of PLFA are usually LCFA (long chain fatty acids; C12 - C20), including the 
most common straight-chain C16 and C18 units common to all fatty acid syntheses (Jenkins, 
1993). In the soil, living root material may contribute membrane phospholipids to the 
polar fraction and will comprise largely these PLFAs. However, bacterial fatty acids also 
comprise odd-chain and branched fatty acids <C20, which can be considered to be reliable 
microbial biomarker lipids and, via determination of abundance, have been used to reveal 
the dynamics of the SMB in agricultural and grassland soils (Bardgett et al., 1999; BdAth & 
Anderson, 2003; Clegg et al., 2003; Tornberg et al., 2003; Steenwerth et al., 2003; 
Drenovsky et al., 2004; Spedding et al., 2004) including after manure treatment 
(Frostegärd et al., 1997; Peacock et al., 2001). 
7.2.2.2.1 Biosynthesis of microbial fatty acids 
The biosynthesis of fatty acids in soil bacteria produces two types of fatty acids <C20. The 
first are straight-chain fatty acids synthesised from acetyl CoA as the primer in a similar 
fashion to higher plants (see Taiz & Zeiger, 1991). C16 and C18 acyl chains are formed in 
an approximate 2: 1 ratio, and may be modified by chain elongation and unsaturation 
(Jenkins, 1993). The second type of fatty acids are unique to bacteria and comprise 
straight-chain, odd-numbered fatty acids, synthesised using propionate or valerate, and iso, 
anteiso and o-alicyclic fatty acids created from isobutyrate, 2-methylbutyrate and 
isovalerate or a-keto acids, i. e. pyruvate, transformed to their CoA esters (Kaneda, 1991; 
Jenkins, 1993). The occurrence of the odd-chain and branched fatty acids is not nearly as 
common as those of the straight-chain fatty acids, but is still very significant. Thus, soil 
bacterial lipids can originate from decomposition products of PLFAs or de novo 
biosynthesis. 
7.2.2.3 Fate of fatty acids in soil 
In agroecosystem studies, the concentration and distribution of fatty acids has been used to 
indicate past management practices and transformation of SOM during pedogenesis (Jandl 
et al., 2004). For example, Dinel et al. (1998) investigated the effects of tillage versus 
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non-tillage, and Bull et al. (1998) and (Jandl et al. (2005) the effects of long-term 
manuring of agricultural soils. In all cases, increases of fatty acid concentrations were 
found to be related to soil quality. However, n-alkanoic acids are probably the most 
dynamic pool of lipids in the soil, both chemically and physically (Bull, 1997). They are 
susceptible to rapid oxidation by soil microorganisms, may be derived from the 
decomposition of other compounds, and have the potential for sequestration within the soil 
by complexing with clay minerals and humus. 
In the soil, fatty acids are readily metabolised by numerous bacteria, of whom aerobic 
bacteria can use fatty acids as their sole source of C, whilst fungi can breakdown fatty 
acids to a series of methyl ketones (Braids & Miller, 1975) an intermediate stage in 
oxidative degradation (Bull et al., 2000a). Moucawi et al. (1981) found the mixture of 
pure stearic acid (C18: o) and oleic acid (C18: 10) with non-acid soil led to an immediate and 
rapid evolution of C02, but the effect for Clg: 0 was slower in acid soils. An impedance of 
n-alkanoic acid decomposition in acid soils was also noted by Bull et al. (2000a), 
presumed to be due to the suppression of bacterial activity under conditions of low pH. 
However, Moucawi et al. (1981) discovered montanic acid (C28; 0) was not degraded in 
either soil indicating that LCFA are metabolised in preference to VLCFA. Bull et al. 
(1998) also observed a decline in the abundance of shorter chain fatty acids compared to 
longer chain homologues in manure-treated soils, assumed to be caused by their selective 
degradation. In aerobic soils bacteria degrade fatty acids via a common ß-oxidation 
pathway (Fig. 7.3), the underlying mechanism for alkyl lipid metabolism, including n- 
alkanes and n-alkanols. Studies have shown that some even chain n-alkanoic acids in soil 
are derived from oxidised n-alkanols whilst odd-chain homologues may be derived from 
the terminal oxidation of n-alkanes (Ambles et al., 1994). Thus, fatty acids may originate 
from a variety of different lipids, representing the penultimate stage of oxidation before 
cleavage of the C chain (Bull, 1997). Therefore, although soil fatty acids can derive 
directly from vegetative input or microbial input, a significant component of may arise 
from the oxidation of other lipids (Bull et al., 2000a). 
Fatty acids have the potential for recalcitrance in soils by association with clay minerals 
and humic substances, and physical protection within aggregates. Like other organic 
components, fatty acids form close associations with inorganic matrices within the soil. 
Schnitzer & Schulten (1989) identified C15 - C34 fatty acids in the fine clay fraction of a 
typic Haplorthod soil and Quenea et al. (2004) also identified higher plant input of free 
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fatty acids in the fine silt and clay fractions, but found a predominantly bacterial 































Figure 7.3 The reaction sequence in the ß-oxidation of fatty acids (from Stryer, 1991). 
Jandl et al. (2004) quantified the largest abundances of saturated VLCFAs in the clay 
fraction of a Chernozem (humus-rich, black soil), and hypothesised that these were 
strongly bound to clay particles, or enclosed between clay platelets, suggesting a 
mechanism for the promotion of soil aggregation by hydrophobic organic matter. Schulten 
et al. (1996) had previously identified LCFA derived from epicuticular waxes as the major 
constituents of the aliphatic component attached to clay surfaces or intercalated into clay 
crystals, which had been previously 
14C-dated at nearly 7000 yBP. Bull et al. (2000a) 
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measured an increase in the concentration of n-alkanoic acids with depth from humic to 
mineral soil horizons, which they theorised was due to the orientation of fatty acids on the 
surface of soil particles causing them to become hydrophobic, thereby decreasing the rate 
of OM degradation as a whole. 
Even though fatty acids have been acknowledged as highly abundant soil compounds with 
great potential for interpretation of pedogenic processes, they cannot be described as 
biomarker compounds sensu stricta (compared with the 50-stanols discussed above) as 
their structure is common to a range of sources. The significance of simple changes in 
abundance (Dinel et al., 1998; Bull et al., 1998; 2000a; Jandl et al., 2002; 2004; Quenea et 
al., 2004; Jandl et al., 2005) can only be assumed to be related to the fatty acid content of 
OM inputs, due to the lack of unequivocal evidence of their origin. Certainty of 
provenance can be achieved through the use of 13C-isotopic labelling. Whilst there are 
several examples of the routing of C into PLFAs through the addition of 13C-labelled 
substrates (Baldock et al., 1989; Lichtfouse et al., 1995; Webster et al., 1997; Arao et al., 
1999; Aoyama et al., 2000), incubation with 13C02 (Cifuentes & Salata, 2001; Crossman et 
al., 2004; Miltner et al., 2004) and natural abundance measurements (Burke et al., 2003; 
Waldrop & Firestone, 2004), there are surprisingly few examples of this application to soil 
free fatty acids. Compound-specific stable C isotope analyses of C22: 0, C24: 0 and C26: 0 fatty 
acids enabled Wiesenberg et al. (2004) to conclude a 21 - 40 year turnover time for fatty 
acids in soil that had been switched from C3 to C4 crops 23 years previously based on a 
A13C value of 7%o between C3 and C4 inputs. 
7.3 Aims and objectives 
Lipids have proven invaluable in terrestrial studies of soil processes due to their inherent 
diagnostic qualities and considerable functional diversity. In this investigation, the fate of 
organic compounds from C4 cow dung was used to explore their fate in a C3 soil after 
deposition. Although previous work has used changes in lipid abundance to assess dung 
input, the fate of individual lipids from dung in the soil surface over one year has not been 
explored using compound-specific stable C isotope analysis. Therefore the objectives of 
this chapter were to: 
1. Assess the direct incorporation of dung using 50-stanols as biomarker compounds. 
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2. Determine the 813C values of free fatty acids to investigate the dynamics of a diverse 
group of lipids common to dung and soil. 
3. Explore the routing of dung C into the soil microbial biomass using changes in 613C 
values of microbial PLFAs after dung deposition 
7.4 Lipid analysis of C4 dung treated soils over one year 
C4 dung (S13C = -12.6%o) was used to treat a plot of C3 temperate grassland soil (S13C =- 
30.3%o). Dung residues and underlying soil were sampled on seven sampling occasions 
over 372 d. On each occasion, the experimental dung pat was removed using a metal grid 
and a core of soil taken directly beneath. This was divided into 0-1 cm and 1-5 cm 
increments. Both dung residues and soils were dried and milled for analysis. Bulk S13C 
analysis of the soils estimated that a maximum of 12% of the applied dung C was 
incorporated into the soil by 112 d, which declined thereafter (Fig. 3.10). Dung contains a 
diverse array of lipid components that originate in undigested plant material, the detritus of 
rumen and gut microbes and endogenous waste. Although lipids formed the smallest 
quantified fraction of C4 dung organic components, the functional diversity of lipids and 
their consequent variable rates of transformation and degradation may be exploited to 
obtain information on the action of different soil processes (Bull et al., 2000) and 
preservation mechanisms (Quenea et al., 2004). Lipids are reported to be up to 11%w 
depleted in 13C compared to bulk S13C values (Boutton, 1991b; Grice et al., 2001; 
Schweizer et al., 1999; Yeh & Wang, 2001). Higher molecular weight lipids, such as 
steroidal compounds, and n-alkyl compounds C20 - C34 are thought to be recalcitrant in 
soils. Thus, depletion in bulk S13C values in the C4 dung treated soil may not imply a loss 
of13C labelled material per se from the system, but a relative increase in lipids as labile, 
relatively 13C-enriched carbohydrate compounds are lost from the soil. Therefore, it was 
essential that the contribution of 13C-depleted lipids from dung were considered in order to 
understand the fate of dung C in the soil. All lipid fractions were derived from total lipid 
extracts, which were fractionated to isolate the target compounds for analysis using GC, 
GC-MS and GC-C-IRMS. All experimental details are presented in Chapter 2. 
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7.4.1 Sfl-stanols in C4 dung-treated soils 
The 5ß-stanols were the most abundant lipid components in the C4 dung TLE (5ß- 
stigmastanol = 735 ±26 pg g-1; 5ß-epistigmastanol = 1102 ±72µg g-1). The dominance of 
these two microbial reduction products of sitosterol, the major plant sterol, is typical in 
lipid extracts of herbivore dung (Bull et al., 1998; Ibanez et al., 2000). However, to put 
this amount into context in terms of contribution to overall dung C, the combined sum of 
the 5(3-stanols counts for only 0.005% of the concentration of xylose, the most abundant 
dung carbohydrate. 
7.4.1.1 GC analysis of 50-stanols in C4 dung treated soils 
Figure 7.4 shows the summed concentration (E) of 5ß-stigmastanol and 5ß-epistigmastanol 
in the soil over 372 d in the 0-1 cm horizon (Fig. 7.4a) and at peak of dung C 
incorporation at t= 112 and the final sample date (t = 372) in the 1-5 cm horizon (Fig. 
7.4b). Significantly, at t=7,28,56 and 372,5ß-stanols were identified in the control soils 
in concentrations of <11.5 µg g' in the 0-1 cm horizon, and <20 pg g"t in the 1-5 cm 
horizon. This indicates the provenance of the experimental site as pasture grazed by sheep 
until 2001 prior to being ploughed and reseeded three years before the start of the 
experiment. Evershed et al. (1997) also identified the presence of 5ß-stanols in unmanured 
control sites, and suggested that these compounds are ubiquitous in the environment. 
The pattern of 5ß-stanol abundance in the 0-1 cm horizon (Fig 7.4a) implies that the 
principal influx of dung-derived of 5ß-stanols was at t= 56 (37 ±18 µg g"1 soil), coincident 
with peak incorporation of dung C after heavy rainfall. A peak influx at t= 56 was also 
significant for the incorporation of carbohydrates (Chapter 5) and lignin (Chapter 6) into 
the topsoil and appears to have been the primary environmental variable driving dung C 
incorporation. It is unlikely that individual steroids were leached into the soil in a 
dissolved form due their hydrophobic nature, and implies that wholesale particulate dung 
material was translocated into the top soil. The 5ß-stanols also showed an increase in 
abundance at t= 14 in the 0-1 cm soil horizon. At this time, little movement between 
dung and soil was anticipated due to the formation of a resistant crust on the dung surface, 
and a modest increase in dung C% incorporation was estimated (Fig. 3.10). This suggests 
that another mechanism for the introduction of stanol compounds to the soil was occurring 
beneath the cow pats at this time. 
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Figure 7.4 Mean (n = 3) concentrations (µg g-1 soil) of 5ß-stanols as E (5ß-stigmastanol + 
5ß-epistigmastan0l) in C4 dung treated and control soil a) 0-1 cm horizon at t=7,14,28, 
56,112,224 and 372, & b) 1-5 cm horizon at t= 112 and t= 372. 
221 
Chapter 7 Fate of dung-derived lipids in soil 
The most obvious suggestion is the action of soil invertebrates, i. e. earthworms, dung 
beetles and coprophilous fly larvae, in which case the source 5ß-stanols might be from the 
dung or from the reduction of native sitosterol from the field site vegetation by invertebrate 
gut microbes. The bioturbative activity of soil invertebrates may also explain the increase 
in concentration of the 5ß-stanols (19 ±20 µg g"' soil) in the 1-5 cm horizon at the end of 
the experiment. A similar phenomenon was noted in the incorporation of dung 
carbohydrates throughout the top soil. 
Figure 7.4b shows that concentrations of 5ß-stanols at peak dung C incorporation in the 1- 
5 cm horizon and at the end of the experiment (t = 112,27.0 ±14.4 gg g''; t= 372,32.8 
±25.6 µg ggl) were around the same magnitude as peak incorporation the top centimeter 
(t = 56). However, the large a and high background concentrations in the control soils 
suggest that much of the quantified 5ß-stanols in the experimental plots were from 
previous grazing activity. Lack of migration of steroidal compounds from organic 
horizons into more mineral horizons had been reported by Bull et al. (2000a) and Naafs et 
al. (2004). An absence of 5ß-stanols in the lower horizon may also infer sequestration by 
strong binding to humic substances in the 0-1 cm horizon (Lichtfouse, 1998a; Schnitzer 
& Schulten, 1989), or severe degradation before the sample date due to bacterial 
degradation (Naafs et al., 2004) or precipitation of the early stages of sterol diagenesis 
through catalytic action of peripheral A13+ (Bethell et al., 1994) in the gleyey soil. 
The hydrophobic nature of the 5ß-stanols did not seem to allow their penetration into the 
I-5 cm soil horizon, although the source of the 5ß-stanols could not be conclusively 
determined without additional data, i. e. 813C values. This calls into question the ability of 
5ß-stanols to act as biomarkers of contemporary dung input below the dung: soil interface 
in clayey soils. Significant concentrations of more labile dung components in the 1-5 cm 
horizon, i. e. carbohydrates, had already been identified through GC quantification and 
stable C isotope analysis (Table 5.3) which was not proportional to 5ß-stanol 
concentrations. As the maximum abundance of 5ß-stanols at t= 56 was only 2% of the 
initial concentration in the C4 dung, it would appear that the majority of the components 
had degraded. However, no reduction intermediates, e. g. 24-ethyl-5 P-cholestan-3 -one 
(Bull et al., 1998), were identified in the soil on any of the sample dates. Overall, it 
appeared that 5ß-stanols were no more recalcitrant over 372 d than carbohydrates, and it 
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was probably by complexing with humic materials or soil minerals that the longevity of a 
minor proportion was enhanced. 
7.4.2 Fatty acids in C4 dung treated soils 
Analysis of n-alkanoic acids extracted from dung suggested a purely C4 forage derived 
origin for the LCFA (C12 - C20), with a residual input of C3 material to the VLCFA (>C20). 
However, the latter were minor components of dung consituting only <20 µg g'1, compared 
with 1614 µg g'' for Cig: 2o6, the most abundant n-alkanoic acid. As fatty acids <C20 are 
presumed to be rapidly decomposed by the SMB via ß-oxidation (Fig. 7.3) the presence of 
13C- labelled C4 dung derived fatty acids in the soil profile was expected to be transitory. 
7.4.2.1 GC analysis of free fatty acids in C4 dung treated soils 
Table 7.1 shows the changes in total fatty acid concentration in control (no dung) and C4 
dung treated soils at t= 56 and t= 372 in the 0-1 cm horizon, and at t= 112 and t= 372 in 
the 1-5 cm horizon. At maximum dung %C incorporation in the 0-1 cm (t = 56) the 
dung treated soils contained over twice the amount of free fatty acids as at the end of the 
experiment, and in the 1-5 cm at t= 112 nearly three times as much as the control soil. 
However, by the end of the experiment, total free fatty acid concentrations were similar to 
control soil values. 
Table 7.1 Total concentration (E) of free fatty acid in control and C4 dung treated soils in 
the 0-1 cm horizon at t= 56 and t= 372, and 1-5 cm horizon at t= 112 and t= 372. 
-free fatty acid concentration (pg g4 soil) 
0-1cm 1-5cm 
t=56 t=372 t=112 t=372 
Control soil 64 ±35 73 ±64 23 ±17 30 ±10 
C4 dung-treated soil 124 ±8 81 ±24 66 ±23 23 ±14 
The abundance of all fatty acids was greater in the top centimetre of the soil than the 1-5 
cm depth probably due to the seasonal input of plant litter from grassland vegetation, 
though a implies that this contribution was variable. The concentration in the 1-5 cm in 
the control soils was much more consistent and would seem to correspond to the 
assumption that a constant concentration of fatty acids is sequestered in the soil matrix. 
In the 0-1 cm horizon at t= 56 (Fig. 7.5a), the highest concentrations of all fatty acids 
were determined in the C4 dung treated soils, and all compounds from iCi4: o to C32: o were 
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more abundant than in the control soils. Similarly, at t =112 in the 1-5 cm horizon (Fig. 
7.6a), the concentrations of all fatty acids was enhanced compared to the control soil, 
although the overall concentration was reduced compared to the upper horizon. By the end 
of the experiment, in the 0-1 cm horizon (Fig. 7.5b), only fatty acids longer than C18.0 
were more abundant in the control soils, but in the lower horizon (Fig. 7.6b), all of the fatty 
acids from iCi4: oto C32: 0 were present in higher concentrations in the control soils. 
The rate at which the concentrations of fatty acids declined appeared to be related to chain 
length, suggesting that those with shorter alkyl chains are degraded more easily by the 
SMB, which is in line with the findings of Bull et al. (1998). Fatty acid concentrations 
also implied that dung-derived fatty acids were metabolised more quickly over the 372 d 
than the indigenous input. The input of dung is known to stimulate microbial biomass 
through the input of simple sugars and N which may have led to higher levels of ß- 
oxidation in the dung-treated plots due to a priming effect (Kuzyakov et al., 2000). The 
control plots would also have been supplemented by the addition of fatty acids from 
senescent vegetation at the end of the growing season. However, the similar 
concentrations of fatty acids in the control soils in the two horizons might indicate that a 
proportion of fatty acids are protected from decomposition by association with organic or 
mineral phases in the soil matrix, and that these sites of sequestration became saturated 
thereby maintaining a constant concentration of fatty acids. 
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Figure 7.5 Mean (n = 3) relative abundance distributions of free fatty acids extracted 
from control (CO and C4 dung-treated 0-1 cm soil horizon at at a) t= 56 & b) t= 372). 
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Figure 7.6 Mean (n = 3) relative abundance distributions of free fatty acids extracted 
from control (C; ) and C4 dung-treated I-5 cm soil horizon at a) t= 112 & b) t= 372. 
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7.4.2.2 6'3C values of free fatty acids in C4 dung treated soils 
Due to the multifarious provenance of dung fatty acids, and the commonality of structures 
found in soil and dung, the difference between the 813C values (A13C) of the C4 dung (S13C 
= -12.6 /oo) and C3 grassland soil (S13C = -30.3%o) was utilised to differentiate between 
origins and, therefore, to assess the true contribution of dung fatty acids to the soil pool. 
In the surface horizon (0 -1 cm) at t= 56 (maximum dung C% incorporation; Fig. 7.7a) 
there was a significant distinction between the &3C values of the fatty acids from iCi5: o to 
Ci8: 1ui7, which was less pronounced in the C20: 0 to C32: 0 saturated homologues. At the end 
of the experiment (Fig. 7.7b), the difference between the 813C values of the VLCFAs had 
increased suggesting delayed incorporation due to hydrophobicity or association with 
particulate matter, whilst 813C values in the LCFA from C16: 0 - C18: 1w7 was reduced. This 
was especially true for the unsaturated C16 fatty acids, C16: 1. )9 and C16: 17,7, which had 
become depleted relative to control soil values, suggesting preferential decomposition of 
the shorter chain fatty acids, especially those less than C18. 
In the lower (1 -5 cm) horizon at t= 112 (Fig. 7.8a), where overall abundance of fatty 
acids in the soil was reduced compared to the 0-1 cm, the VC values of C16: 0, C16: iw9 and 
C18: 0 in the C4 dung treated soils were the only fatty acids with significantly different 813C 
values from those in the control soils. This difference was reduced but still significant 
after 372 d (Fig. 7.8b). 
The 813C values of the various individual fatty acids in the soil after dung deposition (Figs. 
7.7 & 7.8) displayed an expected increase in 13C due to dung input that appeared, 
superficially, to be proportional to the patterns of abundance shown in the previous 
histograms (Figs. 7.5 & 7.6). The LCFA were more 13C-enriched than the VLCFA, which 
showed a progressive depletion in 13C in direct relation to chain length, which was also 
noted by Bull et al. (1999b). 
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(") Figure 7.7 61 `C values (n = 2) plotted for n-alkanoic acids extracted from control (CO 
and C4 dung-treated (. ) 0-1 cm soil horizon at a) t= 56 & b) t =372, showing individual 
813C values with C3 soil (- - -) and C4 dung (- - -) bulk 613C values. 
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Figure 7.8 "C values (n = 2) plotted for n-alkanoic acids extracted from control (C3) (") 
and C4 dung-treated ( ) I-5 cm soil horizon at a) t= 112 & b) t =372, showing individual 
613C values with C3 soil (- - -) and C4 dung (- - -) bulk 613C values. 
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Analysis of fatty acid by source revealed differences between input from C4 dung into the 
C3 grassland soil with time. Table 7.2 gives mean (x) A13C values for fatty acids derived 
from plant membranes (C16: 0 - 
Cig: i) and cuticular waxes (C20: o, C22: 0, C24: 09 C26: 09 C28: 09 
C30: 0, C32: 0), microbes (iCi5: o, aCi5: o, C15: 0, iC16: o) and fungi (C18: 2(, 9). Membrane derived 
fatty acids, which were the most abundant group in the C4 dung-treated soil, were enriched 
in the treated plots by around 6916o at maximum dung incorporation (t = 56) in the 0-1 cm 
horizon, and this had more than halved by the end of the experiment. In the lower horizon, 
A13C values inputs were around 30% of those in the upper horizon at t= 56, but was 
similar to values at the end of the experiment. There appeared to be an input of VLCFAs 
to the 0-1 cm horizon at the end of the experiment. This may have been from the 
accumulation of hydrophobic/decomposition resistant VLCFAs in dung residues at the soil 
surface. In the lower horizon, the A13C values suggested a low input of cuticular fatty 
acids from dung at t= 112 that was reduced still further by the end of the experiment. 
These latter findings implied that VLCFAs were not easily transported from the soil 
surface into the lower soil horizon due to their hydrophobic properties and, therefore, 
resistance to leaching, or stabilization through complexing with soil minerals or humic 
substances in the upper horizon. The A13C values for bacterial and fungal fatty acids 
suggested that organisms whose detritus they represented had used a C4 dung substrate to 
synthesise membrane lipids. The concept of microbial exploitation of dung material will 
be considered in greater depth in Section 7.4.3. 
Table 7.2 Mean (x) (n = 2) A13C values with a for source-defined free fatty acids 
extracted from the 0-1 cm soil horizon at t= 56 and t= 372 and 1-5 cm horizon at t= 
112 and t= 372 of C, control soil and Cd dune-treated soils (- = no data) 
X d13C(C3 - C4) 
(%o) 
Source Fatty acids 0-1 cm 1-5 cm 
t=56 t=372 t= 112 t=372 
Membrane C16: 0 - C18: 1 5.6 ±1.4 2.5 ±2.0 1.7 ±1.3 1.3 ±0.6 
Cuticle C20: 0 C32: o 1.5 ±1.1 2.5 ±0.5 0.7 ±0.3 0.2 ±0.3 
Bacteria i/aC, s: o, C15: 09 iCi6: o 7.3 ±0.8 - - - 
Fungi C18: 2m9 2.6 ±3.9 - - - 
The A13C values between individual saturated fatty acids extracted from the C4 dung and 
C4 dung-treated soil was used to calculate the % incorporation at t= 56 and t= 372 in the 0 
-1 cm soil horizon and t= 112 and t= 372 in the 1-5 cm using a modified version of 
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Equation 2.2 (Table 7.3). Firstly, it was interesting to observe that presumed large inputs 
of dung fatty acids such as C18: o were actually <1 % fraction of the total amount in the 
dung, inferring that comparatively vast amounts had already been lost from the dung and 
soil by peak incorporation at t= 56. Comparatively, the percentage incorporation for the 
VLCFAs suggests that, although minor constituents of the dung, these lipids are highly 
recalcitrant in the soil. Nearly all of the fatty acids >C20 showed an increase in percentage 
incorporation at 372 d, suggesting that they might be replacing the native C3 equivalents in 
sequestering niches within the soil matrix. The greater than 100% increase in the 
concentration of the C28: 0 component suggests that VLCFA totals may incorporate 
degradation products of other long chain n-alkyl products, such as n-alkanes and n- 
alkanols, or derive from hitherto unrecognized sources. 
Table 7.3 Individual fatty acid incorporation as a percentage of the abundance of the 
initial dung calculated using i '3C(dung-caaungueated s,, ji) for fatty acids extracted from 0-1 cm 
soil horizon at t= 56 and t= 372 and 1-5 cm horizon at t= 112 and t= 372 of C3 control 
soil and C4 dung-treated soils (- = no data). 
% dung fatty acid incorporation 
acid Fatt 
0-1 cm 1-5cm 
y 
t=56 t=372 t=112 t=372 
C14: 0 14.9 - - - 
C16: 0 8.3 2.2 1.2 1.5 
C1g: 0 0.4 0.8 0.1 0.1 
C20: 0 57.9 26.0 4.2 10.6 
C22: 0 45.7 34.7 9.8 10.7 
C24.0 34.8 38.2 9.1 10.9 
C26: 0 75.1 92.5 27.0 31.8 
C28: 0 78.0 125.7 38.8 47.1 
C30: 0 43.2 87.7 16.5 35.1 
The above findings indicate that fatty acids constitute are compounds that vary in their 
resistance to degradation within the soil matrix, largely as a function of chain length. The 
most abundant LCFA appear to be almost completely degraded by ß-oxidation by the end 
of the experiment. Although the VLCFAs contributed only a small proportion to the total 
dung lipid budget, their recalcitrance in the soil, perhaps due to strong association with soil 
particles means they are agents of long-term C sequestration in grassland soils. 
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7.4.3 Microbial PLFAs in C4 dung treated soil 
Grasslands are known to support increased soil C and microbial biomass with greater 
spatial heterogeneity than cultivated soils (Calderon et al., 2000). Agricultural practices 
such as residue incorporation alter SMB and soil microbial community composition 
(Steenwerth et al., 2003), and the addition of cattle manure to soil results in a rapid 
increase in microbial biomass and activity (Frostegdrd et al., 1997; Peacock et al., 2001). 
The compound-specific stable C isotope analysis of soil after C4 dung deposition has 
revealed an overall similar pattern of incorporation and loss from the soil for bulk carbon 
(Chapter 3), major dung carbohydrates (Chapter 5), lignin (Chapter 6) and selected lipids 
(previous sections in this chapter). Therefore, it was important, finally, to explore the 
response of the SMB to dung input in this experiment as the microbiota are ultimately 
responsible for the decomposition stage in the C cycle. The SMB may act as a sink for C, 
by degrading complex organic materials to simple compounds for biosynthesis of 
metabolites that may contribute to recalcitrant organic complexes, or be continually 
recycled within SMB, or as a source of GHGs such as CO2 through respiration. 
The introduction of high levels of soluble C and N via input of dung stimulates the SMB 
creating a response similar to that recorded in the rhizosphere (Peacock et al., 2001). Soil 
fungi and bacteria decompose OM and use a proportion for synthesis of cell membranes, 
incorporating a fraction of the C from the substrate in the process. In this manner C from 
C4 dung that has been introduced to the soil surface can be incorporated into the PLFA of 
soil microbes. Fungal hyphae may penetrate the cow pats and begin to utilise dung C 
before the pat structure begins to disintegrate. Many coprophilous fungi germinate from 
spores deposited with the dung, and some actually require passage through the herbivore 
gut to germinate. Soil fungal species may also have the potential to transfer incorporated 
C long distances from the source, through a network of hyphae. However, the motility of 
soil bacteria does not allow inoculation of dung material before it enters the soil, and those 
deposited with dung have a finite life expectancy prescribed by their requirement for 
anoxia. Therefore, the incorporation of dung C by soil bacteria relies on the disintegration 
of the cow pat and incorporation as particulate matter or solutes carried in water. 
(FrostegArd et al., 1997) found that soil pores at the dung: soil interface of a model `manure 
hot-spot' were saturated with dissolved organic carbon (DOC) one to three days after dung 
deposition. In this research, a major influx of dung material, determined initially by bulk 
813C, and then by 13C isotope analysis of individual dung compounds extracted from the 
topsoil of a temperate grassland, correlated with intense rainfall 31 d after dung deposition 
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(Fig. 3.10). Although there were minor deviations from this pattern in relation to 
individual compounds over 372 d, in general all of the organic material, i. e. carbohydrates, 
lignin and lipids, were incorporated at similar rates. Therefore, it was hypothesised that 
the incorporation of dung material would engender a dynamic response in the SMB, 
typified by an increase in population size, determined as the increase in abundance of 
PLFAs. It was also likely that the SMB would respond most positively to the input of 
carbohydrates, specifically xylose and glucose as these were principal components 
comprising ca. 75% DW of dung. In order to investigate these hypotheses, PLFAs were 
extracted from C4 dung-treated and control (no dung) soils at several sampling occasions 
over 372 d. The PLFAs were derivatised to their methyl esters for analysis by GC, GC- 
MS and GC-C-IRMS. All experimental details are given in Chapter 2. 
7.4.3.1 Bacterial PLFAs in C4 dung treated soil 
The method of (Frosteg. rd et al., 1996) was used to calculate the number of bacterial cells 






Conc. (g) =E compound concentrations of 1C15: 0, aCls: o, C15: 0,1C16: 0, iC17. o, aC17: o, C17: 0, 
C16: 1cu9, C16: 10)7 and C18: lw7 
M=I molecular mass of iCi5: o, aC15: o, C15: 0, iC16: o, iC17: o, aC17: o, C17: 0, C16: 10)9, C16: 107 and 
C18: 1Wi 
The results of this calculation for each sample date are plotted in Figure 7.9. As predicted, 
the concentration of bacterial cells in the dung-treated soil in both 0-1 cm and 1-5 cm 
horizons maximised after heavy rainfall in the soil sampled at t= 56 (Fig. 3.10) when large 
amounts of dung material entered the soil. Previous to this sampling occasion, the number 
of soil bacteria in both control and treated soils was similar implying little input from dung 
until rainfall caused leaching of enhanced concentrations of organic material, and N, into 
the underlying soil. Interestingly, the rainfall seems to have had an adverse effect on the 
bacterial biomass in the control plots, suggesting that the cow pat had an `umbrella effect' 
on the microorganisms and the available nutrients in the treated soils, as well as supplying 
additional substrate. 
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Figure 7.9 Concentration of bacterial cells g"' soil at t=7,14,28,56,112,224,372 in the 
0-1 cm horizon C4 dung treated (U) or C3 control soils ("), and at t= 112 and 372 d in I- 
5 cm soil horizon of C4 dung treated (0) or C3 control soils (O), calculated using bacterial 
biomarker PLFAs: iC, 5: o, aC15: o, 015: 0, iC16: o, iCi7: o, aCi7: o, C17: 0, C16: IW95 C16: I0)7, C18: 107 
(after Frostegdrd, 1996). 
After the peak in bacterial cell counts at t= 56, the concentration declined slowly in the 0- 
1 cm horizon presumably due to a decrease in available substrate, but remained elevated 
compared to the control soils until the end of the experiment,. However, the decline in 
PLFA abundance after t= 56 in both treated and untreated soils may be due to a normal 
seasonal effect, i. e. temperature; the abundance of PLFA has been shown to be at a 
maximum in spring and minimum in autumn (Bardgett et al., 1999). At peak bulk dung C 
% incorporation at t= 112 in the 1-5 cm horizon, the number of bacteria appear to have 
been equivalent to those in the upper horizon, suggesting that similar volumes of more 
soluble substances were available to the microorganisms in either horizon. However, by 
the end of the experiment, the numbers of bacteria in the lower horizon were elevated in 
comparison. This suggests an increased input of substrate into the lower horizon that was 
either unavailable or exhausted in the 0-1 cm in both the control and dung-treated plots, 
possibly due to the introduction of nutrients to the rhizosphere due to growth of the late- 
spring vegetation (the final sample date was in May). 
Figure 7.10. shows the mean (x) of the A13C values for the bacteri al PLFAs: iC15: o, aC15: o, 
C1 S_o, iC16u, 
C1(l(. 
)9, 
C1(,; 1O7, iC17: o, aC17: o, CI7: o, C1s:, O7 on the seven sampling 
dates in the 0 
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-1 cm horizon, and t= 112 and t= 372 in the 1-5 cm horizon. Comparison with the SMB 
abundance data in Figure 7.9 shows that the two data sets are similar in the 0-1 cm 
horizon, providing evidence that C4 dung-derived OM was the fuel for bacterial growth in 
the upper horizon. However, the source of C being utilised at t= 112 in the 1-5 cm 
appears to have a large C3 input. At the end of the experiment, the bacteria in the lower 
horizon seem to have switched to a C4 source. 
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Figure 7.10 x A13C values (%o) of bacterial biomarker PLFAs (iC, 5: 0, aCi5: o, C1509 
iC16: o, Cio: l(. )9, C16: 1(07, iC17: o, aC17: o, CI7: o, C]8: 1(, 7; after Frostegärd, 1996) at t=7,14,28, 
56,112,224,372 in the 0-1 cm horizon (") and at t= 112 and 372 in the 1-5 cm 
horizon (O )and C4 dung treated or C3 control soil. 
Lichtfouse et a!. (1995) demonstrated the production of Ciao, CI6: o and C]8: o n-alkanoic 
acids by soil bacteria metabolising 13C-labelled glucose, but also a slight enrichment of the 
same fatty acids in blank treatments indicating that the SMB preferentially use naturally 
13C-enriched substrates, such as sugars and amino acids, for biosynthesis of membrane 
lipids. Table 7.4 compares the A' 3C values of xylose and glucose, the major constituents 
of cow dung, and the x A13C values of soil bacterial PLFAs. The highest PLFA A13C 
value was just over 6°%o at t= 56. The A13C values of the major monosaccharides, glucose 
(Fig. 5.12) and xylose (Fig. 5.13) at t= 56 for these were approximately 10%o. If the SMB 
were using these sugars exclusively, it could be assumed that bacteria were using around 
60% dung-derived xylose and glucose to synthesise PLFAs at peak dung C incorporation. 
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However, at t= 112, the A13C values for glucose and xylose were around 4%0, while the 
bacterial PLFA A13C value remained high at around 6%o; this value suggests that the 
bacteria were using glucose and xylose plus an additional C4 source for PLFA 
biosynthesis, including perhaps decomposition products of dead C4-labelled soil microbes. 
Table 7.4 xA13C (%o) values for soil bacteria (iCs: o, aCls: o, C15: 0, iC16: o, C16: 1009, C16: 1(07, 
C18: 1w7) and A13C (%o) and for glucose and xylose extracted from the 0-1 cm horizon of C4 
dung treated or C., control soil at t=7.14.28.56.112.224 and 372. 
r X4130(%o) d13C(%) 
Soil bacteria Glucose Xylose 
7 0.1 0.1 2.4 
14 1.0 1.7 2.1 
28 3.2 2.6 3.3 
56 6.2 10.9 9.6 
112 6.3 3.9 4.7 
224 4.0 2.9 2.7 
372 2.8 6.6 7.2 
Although the input of dung C into the lower horizon was comparatively low, there were 
still significant concentrations of dung derived glucose (Fig. 5.12) and xylose (Fig. 5.13) in 
the I-5 cm horizon at t= 112. However, there was only a1 %o difference between the 
bacterial PLFA in control and dung-treated soils, suggesting another source of more 
available13C-depleted C in the lower horizon at this time. The t= 112 sample date was in 
mid-August when much of the grassland vegetation was beginning to decay, but was also 
at a time when simple sugars from dung residues would have been exhausted. Inspection 
of the base of the grass sward at the experimental plot showed very localized input of 
senescing plant matter, which may have provided a source of comparatively more available 
nutrients than were available from the dung, that supported the growth of the bacterial 
population (Fig. 7.9). Spedding et at. (2004) points out that the importance of additions 
via crop roots, that take place throughout the growing season, and via the root detriutus left 
in the soil, that is often neglected as a source of C. At the end of the experiment, the x 
A13C value in the 1-5 cm horizon (2.5 ±0.2 /oo) had increased to a similar value as that of 
the 0-1 cm horizon (2.8 ±1.6%. o), suggesting that the bacterial population throughout the 0 
-5 cm had switched back to using C4 dung-derived C. The carbohydrate analysis had 
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shown a coincident increase in the 813C values of carbohydrates (determined as total 
monosaccharides) in the soil at this time. 
7.4.3.2 Fungal PLFA Cig: 2ai6in C4 dung treated soil 
Fungi typically constitute <1500 g m"2 of the biomass of the top 15 cm of soil (Brady & 
Weil, 2002) and are important decomposers of resistant lignin and polysaccharides in soils, 
although just as likely as bacteria to exploit simple C sources. Arao (1999) found that 
Cig: 2w6 was labelled more rapidly with 
13C in media containing 13C acetate than branched 
chain or cyclic bacterial PLFAs. Fungi may have a unicellular, e. g. yeasts, or hyphal 
morphology. The hyphal forms develop a mycelial network that have the potential to 
incorporate a wide range of C sources and transport them over long distances compared to 
bacteria. The largest (and oldest) organism in the world, an Armillaria ostoyae, covers an 
area of 890 hectares (! ) (Smith et al., 1992; Maheshwari, 2005). Therefore, it might be 
expected that13C isotopic enrichment in fungi might be much reduced due to dilution from 
C3 sources outside the area covered by the cow pat. 
Fungi are eukaryotes that have a plasma membrane enveloping the cytoplasm, like 
bacteria, but which also bounds cell organelles and the nucleus. The membrane is 
comprised of amphipathic phospholipids and sphingolipids (single acyl chain with amino 
polar group) and non-polar sterols, principally ergosterol, within the lipid bilayer. The 
PLFA C]8: 26 is often used as a specific biomarker for fungi because it is present in high 
abundance in most fungi (BAth & Anderson, 2003), although not in vesicular-arbuscular 
mycorrhizal fungi (Butler et al., 2003). Thus, the C18: 2w6 PLFA extracted from control and 
dung-treated soils was quantified to observe changes in abundance of fungi associated with 
cow pats, and its 813C determined to assess fungal exploitation of C4 dung C. 
The concentration of C18: 2w6 would seem to suggest that there was no significant response 
to dung input as the pattern of abundance was almost exactly the same in the C4 dung 
treated soil as the control soils (Fig. 7.12). However, the hyphal network may extend far 
beyond the cowpat, and it may be that the fungi in the control soils were responding to 
dung input at the same rate as that in the treated plots. The maximum in C18: 2(06 PLFA 
abundance at t= 56 in the 0-1 cm horizon, that coincided with maximum estimated dung 
input and quantified input of dung carbohydrate, suggests that this was the case. The 
elevated concentrations at t= 112 and t= 372 in the 1-5 cm would seem to suggest that 
fungal abundance is enhanced in the lower horizon. Peacock et al. (2001) reported that 
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microbial biomass PLFA was greatest in the 0-5 cm soil depth, but that manure treatment 
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Figure 7.11 Concentration of fungal biomarker PLFA C18: 2cu6 g' soil at t=7,14,28, 
56,112,224,372 in the 0-1 cm horizon and at t= 112 and t= 372 in the 1-5 cm horizon 
and C4 dung treated or control soil. 
In contrast to the trends in concentration of C18: 2cu6, the A'3C values for the fungal PLFA 
indicated significant utilization of C4 dung C in the in the 0-1 cm of the C4 plots at t=7, 
28,56,112 and 372, with more minor uptake in the I-5 cm horizon (Fig. 7.11). The A13C 
values mirror the % incorporation pattern for C4 dung-derived glucose (Fig. 5.12), xylose 
(Fig. 5.13) and arabinose (Fig. 5.14) and suggests that these were the major substrates for 
the fungi. Abraham et al. (2003) also found that the C isotope ratios of fungi closely 
followed those of the substrate. The fungi appeared to have switched between C sources in 
response to availability. A significant increase in A13C values for C18: 2w6 PLFA extracted 
from the 0-1 cm horizon at t= 372 might be evidence for the metabolism of remaining 
13C-enriched dung residues. Unlike bacteria, fungi are also able to decompose lignin that 
is depleted in 13C compared to carbohydrates. For instance, the 613C value of glucose 
extracted from C4 dung was -4%0, whilst 4-vinylphenol was -17°%0. Therefore, the 
fluctuations in the A13C values may not just relate to switching between C3 and C4 
substrates, but also to a change of specific biochemical components (or classes) depending 
on availability. 
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Figure 7.12 A13C values (%. o) of fungal biomarker 18: 2(o6 at t=7,14,28,56,112,224, 
372 in the 0-1 cm horizon and at t= 112 and 372 days in the 1-5 cm horizon and C4 
dung treated or C3 control soil. 
The comparison of the C18: 2w6 concentration (Fig. 7.11), with C18 2w6 PLFA 613C values 
(Fig. 7.12) appears to suggest different effects of the input of dung C on fungal biomass. 
Based on concentration of the PLFA in isolation, one would presume that the input of dung 
had had no effect on the soil fungal population as there was no significant difference 
between control and C4 dung-treated soils. However, the A13C values revealed active 
uptake of dung C. In light of this, the concentration must suggest simply that the carrying 
capacity of the soil as an ecological niche is finite when C is not a limiting variable. This 
conclusion highlights the value of isotope ratio mass spectrometry in ecological studies. 
13C-PLFA analysis provided evidence for the general stimulation of the SMB after dung 
deposition, with the simple relationship between gross C input and PLFA abundance 
typified by the increase in soil PLFA concentration after intense rainfall caused 
disintegration of the `crust' that previously protected the experimental dung pats. 
However, differences were observed in the behaviours of the bacterial and fungal 
populations. Whereas the bacteria had exhibited dynamic changes in PLFA abundance in 
response to dung input throughout the experiment, fungal abundance was not significantly 
different to that in the control plots. However, stable C isotope analysis revealed that fungi 
were incorporating significant dung C into their cell membrane PLFAs. The dynamics of 
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concentration and 813C values also varied between the 0-1 cm and 1-5 cm horizons 
suggesting that different sources of indigenous and dung substrate penetrated into the 
lower horizon. At the end of the experiment, an unexpected increase in PLFA 6'3C values 
indicated utilisation of Ca material in line with increased 513C values for dung treated soil 
carbohydrates. 
7.4 .4 Summary: 
Lipid analysis of C4 dung treated soils 
1.5ß-stanols and free fatty acids were selected as biomarkers for investigating dung 
incorporation into soils. The 5ß-stanols were selected for their known value as recalcitrant 
diagnostic faecal biomarkers, whilst the fatty acids derived from a variety of sources and 
were expected to show differential incorporation dynamics. Despite their reputation for 
recalcitrance, the abundant 5ß-stanols were degraded, diluted or transported reasonably 
rapidly to minimal levels within the soils. It would appear that stabilisation of these 
biomarker components requires formation of strong associations with resistant humic 
materials or soil minerals. There were background levels of these faecal compounds, and 
stable C isotope analysis of the extracted 5ß-stanols is required to confirm their source. 
II. The VLCFAs also appeared to be highly recalcitrant, even though present in low 
abundance in the C4 dung. Stable C isotope analysis enabled the significance of the input 
of these fatty acids to be assessed. Like the 50-stanols, it is also likely that, in addition to a 
fundamental resistance to microbial decomposition, exploited by the plant during life as a 
component of the external protective cuticle, they may also complex strongly with soil 
minerals, forming a hydrophobic layer that enhances their potential for sequestration. In 
contrast the most abundant LCFA, appear to have been almost completely degraded by 0- 
oxidation by the end of the experiment. 
III. PLFA analysis of the experimental soils revealed a dynamic population of bacteria and 
fungi at the soil surface able to exploit dung inputs. Population abundance of bacteria was 
maintained at a higher level in the dung-treated plots for the duration of the experiment, 
whilst the fungi did not appear to respond to dung input. However, 813C values of PLFAs 
analysis showed that the major source of C from C4 dung was incorporated into both 
bacterial and fungal PLFAs. The dynamics of abundance and 813C values also varied 
between the 0-1 cm and I-5 cm horizons suggesting that different sources of indigenous 
and dung substrate penetrated into the lower horizon. At the end of the experiment, an 
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unexpected increase in PLFA 813C values indicated the utilisation of C4 material in line 
with increased 13C values for dung carbohydrates and sugars. 
7.5 Concluding remarks 
This chapter aimed to explore the incorporation of dung lipids into the soil matrix over 372 
d. Although the lipids constituted only a minor fraction of dung, their diagnostic qualities 
enabled a range soil processes to be explored. The 5ß-stanols and free fatty acids extracted 
from control and C4 dung treated soils suggested that concepts of recalcitrance might rely 
not so much on individual chemistry, but the potential of molecules to escape degradation 
or leaching by forming associations with inorganic components or humic substances. It 
would be useful to further explore the potential for sequestration of all compound classes 
by tracing the 13C-label into particular fractions of the soil based on particle size and humic 
matter content. 
The use of compound-specific stable C isotope analysis was essential to assess the 
response of the SMB, especially the fungi due to an apparent finite carrying capacity of the 
soil for these organisms. The concept of the hyphal network is also worthy of 
consideration, especially with respect to the distribution of dung compounds beyond the 
immediate vicinity of the cow pat. 
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Chapter 8 OVERVIEW AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
8.1 Overview 
Terrestrial sequestration of carbon (C) is an area of current intensive research in order to 
establish the potential of global systems to mitigate greenhouse gas (GHG) emissions, and, 
thereby, alleviate global warming and climate change. Measured increases of C in ocean 
and atmosphere budgets in response to global increase in atmospheric C does not account 
for the net flux of sequestered C. Therefore, it is assumed that the remainder must be 
entering the terrestrial pool, a. k. a `the missing sink'. Establishing the potential of soils to 
sequester C and elucidating the mechanisms whereby this achieved is vital in order to 
understand the capacity of terrestrial systems to act as a buffer to temper the effect of 
exponential anthropogenic C input to the atmosphere. 
Most global circulation models (GCMs) predict significant warming within the latitudes 
incorporating temperate grasslands over the next century. These grasslands support an 
intensive livestock industry whose major by-product is dung, 60 % of which is contributed 
by cattle. In the EU, nearly 200 million tonnes of dung are produced every year, and this is 
returned to the soil directly by grazing animals, or added as a soil improver at rates of over 
40 tonnes per hectare every year. The traditional long-term use of manures as soil 
improvers has been proven to increase the amount of soil organic C (SOC) content. 
Surprisingly, the biochemical nature of this ubiquitous C input had not been fully 
characterised, and the fate of dung compounds in the top soil over the growing season (one 
year) had not been assessed. This project aimed to utilise compound-specific isotope ratio- 
mass spectrometry to investigate the fate of natural abundance 13C-labelled cow dung in a 
temperate grassland soil, utilising the difference between the S13C values of similar 
compounds from the C4 dung and C3 soil. 
8.1.1 Estimation of the % of bulk dung C in the soil over one year 
Bulk 813C values of C3 and C4 dung-treated soil were used in a simple mixing model to 
estimate dung C incorporation after spring dung deposition in Chapter 3, which 
complemented the initial work by Bol et al. (1999) in which dung C incorporation was 
investigated after autumn application. Dung for the field experiment had been acquired by 
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feeding two cows C3 ryegrass silage (613C = -30.1%o) and C4 maize silage 
(S13C = -11.6%o), providing adequate C3 dung (S13C = -31.3%o) and C4 dung 
(8'3C = -12.696o). 
C3 and C4 dung was deposited in weighed 1.5 kg `dung pats' on the surface of a C3 soil 
(S13C = -30.3%o) at end of April 2002. A crust formed on the pats during the warm dry 
weather which effectively `sealed' the pats from significant disintegration until disrupted 
by very heavy rainfall at the end of May. At the next sampling date, three weeks later in 
June, around 12% of the dung C was estimated to be in the top 5 cm of the soil. This 
proportion of dung C was maintained in the soil for the next two months, although the 
percentage of dung C in the top centimetre reduced by around I%, whilst the amount in the 
lower four centimetres rose to nearly 5%. Throughout the rest of the experiment the 
proportion of dung C in the soil declined with time but was 8% higher than at the end of 
the experiment, i. e. after 372 days, than at its commencement. Incorporation of dung C in 
the spring differed from that in the autumn (Amelung et al. 1999b, Bol et al. 1999a). 
Incorporation was more rapid and fluctuated producing a sigmoid pattern of incorporation 
and a maximum of 20% dung C was estimated. 
However, concern was raised regarding the accuracy of estimates of dung %C 
incorporation based on bulk 813C values of two dungs with different vegetative 
provenances. Transport of biochemical components into, and within, the complex and 
highly variable soil matrix is a consequence of their physicochemical properties. 
Variability between rates of dung decomposition and incorporation might arise due to 
contrasting biochemical composition owing to the initial characteristics of the forage, 
which might be further modified by ruminant digestion. In addition S13C values of 
different organic molecules within organic materials are known to vary. Labile, 13C- 
enriched components, such as free monosaccharides were expected to leach rapidly from 
dung into soil, whilst fractions such as lignin and long-chain hydrocarbons were presumed 
to be more recalcitrant, and have been described as 13C-depleted. Therefore, in order to 
correctly interpret the bulk data, it was proposed that knowledge of the differential 
representation of organic molecules within the two dung types, and the contribution of 
their individual 813C values to bulk 813C values, must be acquired through thorough 
biochemical characterisation of the major organic components of both feed and dung. 
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8.1.2 Biochemical characterisation of silage and dung 
A range of chemical analyses were applied to silage and dung in Chapter 4. Bulk water 
and C contents were similar, but C3 silage and dung contained about 30% more N than the 
C4 silage and dung, which is known to affect soil mineralization rates. 813C values 
revealed a difference (013C) of nearly Moo between C3 and C4 silages and dungs. Forage 
fibre analysis was applied to provide initial bulk estimates of carbohydrates, lignin and 
protein and lipids. The major components were carbohydrates and lignin derived from the 
plant cell wall, constituting up to 50% of the dry weight of silages, and <two-thirds of the 
dungs. C4 dung was estimated to have around 30% more hemicellulose and cellulose than 
the C3 dung. Lignin increased in both dungs by 5% relative to the silages presumably due 
to their indigestibility. 
Subsequent analyses of carbohydrates, lignin and lipids reinforced the suspected 
differences between the C3 and C4 materials. C4 dung and silage contained more of the 
major xylose and glucose monosaccharides derived from free sugars, and cellulose and 
hemicellulose. The carbohydrates, determined as total acid hydrolysis products, were 
confirmed as the major components in dung and silage, contributing around 60% and 80% 
of the dry weight of C3 and C4 dung and silage, respectively. The 813C values of individual 
monosaccharides were found to be up to 9%o more enriched than bulk values, but these 
values varied by up to 89,66o between the various monosaccharides. A13C values for the 
various molecular species of the C3 and C4 silages and dungs averaged 18 ? /0o, similar to the 
bulk A13C values, confirming that the carbohydrates in the dung were universally 
13C-labelled. 
An off-line pyrolysis method was successfully applied to the extraction of lignin phenols 
for analysis. Due to problems with reproducibility of yields, no accurate quantification 
could be made but the relative abundance of components between C3 and C4 silage and 
dung were similar and showed an increase in some lignin products in line with the findings 
of forage fibre analysis. A range of 6'3C values were determined for several phenolic 
products that were generally slightly depleted compared to bulk 813C values, and there 
appeared to be a trend towards more depleted 513C values with increasing side-chain 
length. The 813C values for given pyrolysis products were more 13C-enriched in silage 
than dung. Like the carbohydrates, A13C values in the dung showed that the lignin fraction 
was also universally 13C-labelled. 
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The dominant components of the total lipid extracts of silages and dung showed that the 
dominant compounds were (E)-phytol and steroids. The major difference between the C3 
and C4 materials were the abundances of long chain n-alkanol and n-alkane components 
that were much reduced in the C4 silage and dung. Analysis of the acid fractions showed 
that silage and dung were dominated by C16: 05 Cls: o and C18 2w6. The silage contained low 
concentrations (<50 pg g'') of the very long chain fatty acids (VLCFAs) derived from 
cuticular waxes. However, of all the compounds analysed, these revealed a residual C3 
signature, suggesting that VLCFAs are sequestered in the rumen for longer than other 
compounds. The PLFAs in the silage and dung had similar bacterial biomarker dominated 
distributions. Stable C isotopic analysis of the dung PLFAs indicated that viable bacteria 
from the hind gut were using a range of differentially 13C-labelled substrates to 
biosynthesise membrane phospholipids, but rumen bacteria were mainly using C from C4 
forage. Thus, PLFA analysis confirmed the huge complexity of dung as a composite 
product of a range of biochemical processes, comprising a diversity of biochemical 
components with varying residence times with the body. 
The characterisation of silage and dung revealed significant differences in the major 
compounds in dung in terms of quantity, presumably due to differences in biochemistry of 
C3 and C4 plants; such dissimilarities must be considered when using A13C values to 
estimate %C incorporation into soil 
8.1.3 Fate of dung derived carbohydrates in the soil 
The GC and GC-C-IRMS analysis of five monosaccharides derived from C4 dung revealed 
that the incorporation of sugars from dung pats into the top 5 cm of the soil is complex and 
differs between monosaccharide types (Chapter 5). Although glucose and xylose were the 
chief components of the fresh dung carbohydrate fraction, contributing around 80% of 
dung dry weight, the percentage incorporation of xylose was consistently significantly 
greater than any other dung carbohydrate accounting for over 10% of dung C at peak 
incorporation (t = 56). Due to its high concentration and persistence it was postulated that 
xylose was the most important influence on changes in bulk S13C values in the soil. 
Monosaccharides derived from dung could be grouped into plant cell wall (glucose, xylose 
and arabinose) and microbial (mannose) monosaccharides, based on their patterns of 
incorporation of C4 C, and galactose contained elements of both groups. The plant cell 
wall derivatives showed exponential decay over the time course of the experiment so that 
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less than 97% of their initial dry weight remained at the end of the experiment in the dung 
residues at the soil surface. In contrast, the microbial monosaccharides, although minor in 
overall quantity, were more persistent in soil. 
Simple sugars have been shown to persist in clay and fine silt fractions, and might be 
recycled within the SMB (soil microbial biomass) for long periods. The reemergence of 
dung carbohydrates at the soil surface after 372 days suggested a mechanism of short-term 
sequestration, possibly by organomineral complexing, followed by release by bioturbation. 
Thus, it appeared that the factors controlling the routing of carbohydrate C into the soil 
profile and subsequent mean residence time (MRT) were not predictable purely in terms of 
the perceived recalcitrance of compound structures, and were influenced by the nature of 
the input, hydrological and meteorological factors. 
8.1.4 Fate of dung-derived lignin in the soil 
Stable C isotope analysis revealed robust A13C values between lignin pyrolysis products 
originating in the treated and untreated experimental plots that could be used to explore the 
fate of dung lignin at key dates (Chapter 6). Analysis of the S13C values of six 
monolignols from the off-line pyrolysates of experimental temperate C3 grassland soil 
treated with natural abundance 13C-labelled dung (C4) at key sample dates demonstrated a 
range of degradation rates of lignin products in soil. These implied that some elements of 
dung lignin were not as recalcitrant as previously assumed, and, although absolute 
quantification was not possible at this juncture, the data inferred that lignin would not have 
significantly contributed to bulk S13C values relative to carbohydrate components towards 
the end of the experiment. This has considerable significance for the role of different 
biochemical components in the short-term sequestration of dung. 
Overall, it appeared that the incorporation of lignin, at least that derived from dung, into 
soils was a dynamic and variable process, influenced by a range of physical, biological and 
chemical processes. These conclusions were based on data from only three sample dates. 
As dung lignin was found to be more labile than expected, investigation of soils from 
earlier sample dates would be valuable. It is recommended that further investigations of 
the location of lignin within the soil matrix, perhaps by density fractionation, should be 
undertaken to elucidate the processes leading to the variability in sequestration of 
individual dung-derived compounds within the soil horizons. 
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8.1.5 Fate of dung-derived lipids in the soil 
Chapter 7 aimed to explore the incorporation of dung lipids into the soil matrix over one 
year. Although the lipids constituted only a minor fraction of dung, their diagnostic 
qualities enabled several soil processes to be explored. The 5ß-stanols and free fatty acids 
extracted from control and C4 dung treated soils suggested that concepts of recalcitrance 
might rely not so much on individual chemistry, but on the potential of molecules to 
escape degradation or leaching by forming associations with basic minerals or humic 
substances. 
Although 5ß-stanols in the C4 dung-treated plots indicated that there had been limited input 
from the dung into the soil, there was a significant presence of varying concentrations of 
similar compounds with large standard deviations from the mean of the control soils. 
Without their S13C values, unambiguous conclusions could not be drawn regarding the 
source of abundant of 5ß-stanols in the experimental soils. Significantly, it appeared that 
5ß-stanols were no more recalcitrant over 372 d than carbohydrates. 
The data presented for fatty acids indicate this is a diverse group of aliphatic compounds of 
varying resistance to degradation strongly related to chain length. The most abundant 
LCFAs (C16 and Cis) appeared to have been degraded by ß-oxidation almost completely by 
the end, of the experiment. Although the VLCFAs (>C20) contributed only a small 
proportion of the total dung lipid budget, their recalcitrance in the soil, perhaps due to 
strong association with soil particles makes them significant for long-term C sequestration 
in grassland soils. 
Fluctuations in the magnitude of the SMB correlated with the pattern of dung C input. 
Estimated bacterial cell numbers were significantly increased in dung-treated plots 
throughout the experiment. The use of stable C analysis was essential to assess the 
response of the SMB, especially the fungi due to an apparent finite carrying capacity of the 
soil. The concept of the hyphal network is also worthy of consideration, especially with 
respect to the distribution of dung C beyond the immediate vicinity of the cow pat. The 
unexpected enrichment determined in the SMB at the end of the experiment coincided with 
increases in concentrations of dung-derived carbohydrates at this time 
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8.2 Future recommendations 
Figure 8.1 shows the current state of play with regard to the C budget of an experimental 
1.5 kg dung pat used applied to a grassland soil in this project. Carbohydrates and lipids in 
the dung and soil were quantified by gas chromatography against internal standards, and 
corrected using compound-specific 613C values. Lignin in the dung and soil was estimated 
by approximating % dung monolignol incorporation using A13C values and 7% 
approximation of dung content (from forage fibre analysis). The mass of nitrogenous 
organic matter in dung was estimated by subtraction. (The fate of nitrogenous compounds 
in dung is the subject of a current PhD being undertaken by another researcher. ) The total 
mass of quantified dung C (carbohydrates, lignin and lipids) in the soil accounted for ca. 
19% of the initial dung C (40% dry weight) at t= 56. By the end of the experiment, ca. 9 
% of the initial dung C as non-nitrogenous components remained in the top 5 cm of the 
soil. These calculations show that topsoil of grassland soil has potential for short-term 
sequestration of dung C. 








"5ß-stanols + FFA 
Figure 8.1 C budget for experimental cow pat showing quantified fluxes (g cm-3) at peak 
dung C incorporation at t= 56, and at the end of the experiment (t = 372, shown in 
brackets). Unknown fluxes are shown in red. 
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8.2.1 Quantifying the unknown C fluxes front dung 
The unknown fluxes, shown in red in Figure 8.1, indicate some areas of opportunity for 
further research. 
8.2.1.1 Gases and leachates 
The loss of CO2 and CH4 from dung probably accounts for a major proportion of C lost 
from dung and dung treated soils, arising from the initial activity of exported anaerobic gut 
microbes and later activities of the SMB. In addition, the loss of soluble dung C by 
vertical leaching through the soil matrix could be very significant at the beginning of the 
experiment when dung water content is highest, and horizontal surface flow, ultimately to 
water courses in vivo, particularly after periods of rainfall. A fully enclosed dung 
microcosm experiment, comprising a lysimeter to capture leachates for molecular and C 
isotopic analyses, and head space for regular collection of gases could be performed to 
quantify these suspected major losses. 
8.2.1.2 Invertebrate dispersal agents 
The major biological dispersal agents of dung in temperate grasslands are the 
coprophagous invertebrates (Dickenson et al, 1981; Curry, 1994) especially dung beetles 
(Holter, 1979; Finn & Giller, 2002; Finn & Gittings, 2003) and earthworms (Holter, 1979; 
1983; Hendriksen, 1987). Observations of dung during the experimental year at a field site 
in Devon, UK confirm that dung beetles (Geotrupes stercorius and Aphodius rufipes), 
common dung flies (Scathophaga stercoraria) and endogeic and epigeic earthworms 
(Allophobora calignosa, A. chlorotica, A. rosea, Dendrobaena mammalis, Eisenia fetida, 
Eiseniella tetrahedra, Lumbricus castaneus, L. rubellus) colonise dung, or were intimately 
associated with organic soil horizons, after deposition. The activity of coprophagous 
invertebrates effect a variety of processes modifying the spatio-temporal distribution of 
dung compounds in the grassland ecosystem, via three main mechanisms ingestion 
(mechanical transformation), digestion (metabolic and microbial transformation) and 
excretion (micro- and mesoscale dispersal of metabolites and modified waste products), 
and physical disturbance (burrowing). Macroarthropod-mediated dispersal of dung from 
the site of deposition may therefore occur as excreta in casts and frass, or as metabolites, 
including mucus lining earthworm burrows or as chitin in coleopteran exoskeleton. A 
series of exclusion experiments could be carried out in enclosed lysimeters (as per Section 
8.2.1.1 above) in order to assess the effect of various macroinvertebrate groups on the 
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decomposition of dung. These ideas were presented as part of a successful funding 
application for a PhD studentship that will commence in the forthcoming academic year. 
NB. Earthworms were collected at each sampling date in the project and were identified, 
gutted and freeze-dried by a colleague at the University of Vigo, Spain. Bulk S13C values 
of tissues have been determined (IGER-NW), and the free fatty acids of a selection have 
been extracted for stable C isotope analysis at Bristol. The data are not shown in this 
thesis. 
8.2.13 Root and hyphal translocation of dung C 
The uptake of dung C by plant roots and fungal hyphae may be a route of molecular 
dispersal outside from the periphery of the experimental dung pat. Fungi in particular are 
known to have the potential for long-distance transfer of nutrients, and arbuscular- 
mycorrhizal fungi that associate with the roots of most plants, extend the area available for 
nutrient absorption significantly. Plants in upland grasslands have been shown to absorb 
dual-labelled (13C, 15N) labelled amino acids (Streeter et al., 2000). The latter work used 
isolated soil cores in situ and laboratory microcosms. 
8.2.2 Particle-size fractionation and humic material 
It would be useful to further explore the mechanism of for sequestration of all molecules 
by tracing the 13C-labelled compounds into particular fractions of the soil based on particle 
size and or density. Physical fractionation of the soil has often been used to reveal spatial 
and physical information about how organic matter is stored in the soil matrix, often in an 
attempt to define the dynamics of specific C pools (Hassink et al., 1997; Ludwig et al., 
2003). Density fractionation divides the soil into light, intermediate and heavy fractions 
and also yields particulate organic matter and free humic material, whilst particle-size 
fractionation divides the soil into fractions based on the mineral content of soil, i. e. clay, 
silt and sand that may be further sub-divided. It was postulated that the sequestration 
potential of the experimental grassland soil may be enhanced by its high clay content 
(38%). 
8.2.3 Additional sampling occasions 
The objective of this research was to assess the sequestration potential of dung C in 
grassland soil and the sampling timescale and intervals were felt to be appropriate to this 
outcome. However, cold water extraction of monosaccharides indicated that up to 50% 
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was highly soluble and thus readily available for leaching. Indeed, it is likely that a 
significant proportion of dung C entered the soil in the first 24 h after deposition and is 
likely to have initiated an immediate response in the SMB. In addition, the amount of 
dung C in the soil immediately after the heavy rain at around t= 35 was likely to be higher, 
and be comprised of more soluble components than remained at the chosen sampling date, 
three weeks later. Therefore it is suggested that samples should be taken every two hours 
during the first 12 h after dung deposition, and immediately after major rain events. 
As dung application has been proven to increase the level of organic C (Haynes & Naidu, 
1998) and lipid (Bull et al., 1998) in the soil, and as at least 9% of dung C remained in the 
soil after one year, it would be interesting to: i) continue to sample treated plots, and ii) to 
apply additional dung in annual applications to measure the limits to sequestration of the 
grassland soil, and, iii) to determine the individual compounds contributing to the build-up 
of dung C. 
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OV ER 17F_ W OF PHOTOS }'. \ THESIS 
The majority of plant biomass in temperate grassland systems, including manure 
inputs, derives from green plants, which use photosynthesis to capture ambient CO2 to 
form simple sugars that are the basic metabolic units of all vegetative tissues. The 
process of photosynthesis in the chloroplasts of green plants and algae, summarised 
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It is estimated that photosynthetic organisms remove 1015 x 102 gC yr' from the 
atmosphere. This is equivalent to 4x 1018 kJ of free energy stored in reduced C, 
which is roughly 0.1 0o of the incident visible radiant energy incident on the earth yr-1. 
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Figure A1.1 The a. ) light (oxidative phosphorylation) and b. ) dark (Calvin Cycle) 
reactions of photosynthesis showing the role of elements in Equation I (adapted from 
Sturer. 1981). 
During oxidative phosphorylation (or the 'light reactions' of photosynthesis) (Figure 
Al. la. ), photons strike pigment molecules, e. g. cholorophyll a and b, on the thylakoid 
membranes of chloroplasts found in the mesophyll cells of higher plants. The energy 
is transferred to special chlorophylls with one of two kinds of reaction centre, 
photosystem I (PS I) or PS II. Light energy at PS I reduces the oxidised form of 
nicotinamide adenine dinucleotide phosphate (NADP) to NADPH2, and photolysis 
splits oxygen gas (02) from the water (H20) molecule by photolysis in PS H. 
Adenosine triphosphate (ATP) is regenerated from adenosine diphosphate (ADP) 
during the electron flow from H2O to NADP. The ATP provides the energy to drive 
the 'dark reactions' of photosynthesis, or the Calvin Cycle, (Figure A 1.1 b. ) in the 
stroma of the chloroplast. 
In temperate environments, where CO2 is rarely limiting, the first step in the Calvin 
Cycle (or photosynthetic C reduction cycle) is the carboxylation of a 5C compound, 
RuBP (ribulose 1,5-bisphosphate) by CO2. The resulting 6C compound is split, 
giving two molecules of a 3C compound, 3PG (3-phosphoglycerate), which gives `C3' 
plants their name. This key reaction is catalyzed by RUBISCO (ribulose 1,5- 
bisphosphate carboxylase/oxygenase). which also oxygenates RuBP with free O2 to 
prevent the formation of peroxide (H202), in the photorespiratory carbon oxidation 
(PCO) cycle. Although 75 % of this oxygenated RuBP C is subsequently recycled as 
3PG, this implies that some C is lost (as CO2 in the mitochondria). The main energy 
input to Calvin cycle is the phosphorylation by ATP, and subsequent reduction by 
NADPH, of the initial 3C compound forming 1,3-diphosphosglycerate, another 3C 
sugar, some of which is exported from the chloroplast for use in metabolism. The 
remainder is used to regeneration ribulose 1,5-bisphosphate. This reaction requires 
the input of energy in the form of one ATP. Thus, each molecule of CO2 reduced to a 
sugar ([CI 1,01n) requires 2 molecules of NADPH and 3 molecules of ATP. 
Plants in hot and dry climates must often close their stomata to prevent water loss, 
thus limiting the supply of CO2 to the mesophyll cells. These plants have evolved 
physiological modifications in order to maintain sufficient concentrations of CO2 for 
use in the Calvin Cycle, and the process of C4 CO2 fixation is known as the 
photosynthetic C assimilation cycle. Such `C4" plants have two types of chloroplast 
containing cell, the mesophyll cell and the bundle sheath cell (BSC). C4 BSCs may 
have suberised cell walls and are arrayed around vascular bundles very close to 
mesophyll cells, to which they are intimately connected by plasmodesmata. Intitally, 
CO2. dissolved as HCO3- in the mesophyll cytosol, carboxylates phosphenolpyruvate 
(PEP) to oxaloacetate which is converted to a C4 compound, such as malate in maize. 
This is transported to the BSCs and decarboxylated back to CO2 and pyruvate. The 
CO2 then enters the Calvin Cycle (see Figure 1.3b) and the pyruvate is transported 
back the mesophyll cells where PEP is regenerated (Taiz & Zieger, 1991) (see Figure 
A1.2). The isolation of RUBISCO in BSC suppresses C loss by PCO. 
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Figure A1.2 The C4 photosynthetic assimilation cycle (adapted from Stryer, 1981) 
The end product of photosynthesis is a simple sugar which is used to produce energy 
for plant metabolism in respiration, or for biosynthesis of carbohydrates, lipids and 
proteins used to build plant tissues, the basis of SOM. A schematic of glycolysis and 
the tricarboxylic acid (TCA) cycle as a source of intermediates for the various 
metabolic pathways in higher plants is shown in Figure A1.3. 
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Figure A1.3 Schemata showing the function of glycolysis and the TCA cycle as 
contributors of intermediates to a variety of other metabolic pathways in higher plants 
(adapted from Taiz & Zeiger, 1991). 
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CHAPTER 2 Materials and Methods 
Table 2.3 Peru Sample Set 
Core Interval (cm) Depth (m) 
BC91 0.02-0.04 0.03 
BC91 6.5-7 6.75 
BC91 14-15 14.5 
BC91 17-18 17.5 
BC91 20-21 20.5 
BC91 24-25 24.5 
BC91 25-26 25.5 
2.2 Chemicals and precautions 
All porphyrin standards were purchased from Frontier Scientific Europe Ltd. - Porphyrin 
Products (Lancs, UK). Authentic amino acid standard compounds, derivatising reagents, 
Dowex cation ion-exchange resin and crystalline chromium trioxide were purchased from 
Sigma Aldrich Co. Ltd (Poole, UK). Hydrochloric acid (12M) was purchased from BDH 
laboratory Supplier (Poole, UK) and sodium hydroxide pellets were purchased from Fisher 
Scientific (Loughborough, UK). All solvents used in this research were of HPLC grade and 
purchased from Rathbum chemicals. All water used was double-distilled (DDW). 
To minimise contamination, all glassware was soaked overnight in 2% (aq) Micro-90 
cleaning solution, rinsed in water followed by acetone, air dried, and furnaced at 400°C for 
a minimum of 4h. All aluminium foil, glassware and Pasteur pipettes were furnaced at 
400°C (minimum 4h) before use. Analytical blanks were run with every batch of amino 
acids/maleimides and carried through the entire steps of analysis to monitor 
contamination during experimental procedures. 
Standard precautions were taken during all laboratory experimental work, but additional 
care was taken during experimental work utilising chromium trioxide, as this chemical is a 
Class I carcinogen. Chromium trioxide is particularly harmful when in its dry state. It is 
also classed as toxic, harmful and an oxidising agent. All chromic acid solutions were 
made up in a fume cupboard, including the weighing of chromium trioxide using a double 
layer of gloves. The use of chromium trioxide was departmentally recorded, and the dry 
and aqueous waste was labelled appropriately and disposed of by the safety centre. 
2.3 Experimental Procedures 
2.3.1 Extraction of the total lipid extracts (TLE) 
Lipids were extracted from the freeze-dried sediments using Soxhlet apparatus. The basic 
method is as follows. Approximately 1-5g (depending on availability) of freeze-dried 
sediment were placed in a pre-extracted cellulose thimble within the Soxhlet apparatus, 
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